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Abstract 
 
Toxic elemental mercury (Hg
0
) is regularly released into the environment from coal-fired power 
plants. A promising technology for removing Hg
0
 from gas streams (such as those generated in coal 
fired power plants) involves catalytic oxidation of Hg
0
, where Hg
0
 is converted to an oxidised form, 
Hg
2+
, that is able to be captured using existing technologies used to capture SO2. The aim of this  
research project was to investigate catalytic oxidation of Hg
0
 using a range of  transition metal oxides 
(α-Fe2O3, Fe3O4, CoO, Co3O4, MnO, MnO2, Mn2O3, Mn3O4, NiO, Ni2O3, and Ni3O4). Transition metal 
oxides were selected for study due to previous promising results that have been obtained, and their 
reasonable cost. Specific aims of this research were to investigate the influence of key reaction 
parameters on the activity of the aforementioned transition metal oxides. The key reaction parameters 
that were investigated included temperature and gas composition. 
- Preliminary screening tests were conducted using the transition metal oxides under the 
following conditions; [Hg
0
] = 61 ppb, [HCl]= 10 ppm, [O2]= 3%, [CO2]= 5%, duration= 
16 hours, mass of catalyst= 0.4 g, flow rate= 200 sccm, temperature= 150
o
C. The results of 
these tests gave the following order of activity (based on the amount of oxidised Hg
0
 that 
exited the gas stream and was caught in the traps used, percentage oxidation is given in 
parentheses): NiO (98%) >Mn3O4 (77%)> Mn2O3 (72%)> Ni3O4 (61%) > α-Fe2O3 (52%) > 
Ni2O3 (36%) > MnO2 (25%)> Fe3O4 (14%) > CoO (8%) > MnO (8%) and Co3O4 (2%). Most 
of the catalysts that displayed the lowest catalytic activity (below 50% mercury oxidation) -
Co3O4 (60 µg), CoO (57 µg), Fe3O4 (53 µg), MnO (50 µg) and Ni2O3 (39 µg) were found to 
have the highest levels of adsorbed mercury. In the case of higher activity (above 50%), lower 
adsorption was seen. . Varying amounts of Hg
2+
 containing species were desorbed from the 
following catalysts which showed low activity α-Fe2O3, Fe3O4, CoO, Co3O4, MnO, MnO2, 
Mn2O3, Mn3O4, NiO, Ni2O3, and Ni3O4testing characterisation of each metal oxide showed no 
significant change in the surface species and BET surface areas of the catalysts.  
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- In chapter four, the influence of temperature and the presence of HCl, O2, CO2 and NH3 on the 
catalytic oxidation of elemental mercury using Mn2O3 and Mn3O4 were investigated.  In a stream 
containing only Hg (and N2), no significant Hg
0
 oxidation was observed for both manganese 
oxide catalysts over the temperature range studied. In a stream containing Hg
0
 and HCl (10 ppm) 
temperature was observed to have a significant effect on the extent of catalytic oxidation of Hg
0
. 
At 150
o
C, significant mercury oxidation was observed for both manganese oxide catalysts. 
Beyond 150
o
C, mercury oxidation steadily increased, with mercury oxidation of 93% and 94% 
for Mn2O3 and Mn3O4 reached at 300
o
C. For a Hg
0
 stream containing O2, temperature had 
minimal effect between 50
o
C and 100
o
C. Significant mercury oxidation was seen at 150
o
C for 
both manganese oxides and increased to 78% and 80% at 300
o
C for Mn2O3 and Mn3O4 
respectively. Studies on the influence of HCl showed that the presence of this species had a 
significant effect on Hg oxidation for both Mn catalysts, where a significant increase in mercury 
oxidation was observed when HCl (5 ppm) was present in the stream. Studies on the influence of 
HCl concentration (5 to 20 ppm) at 150
o
C showed that the extent of Hg oxidation increased with 
increasing HCl concentration up to a HCl concentration of 15 ppm - no further increase in 
mercury oxidation was observed when the HCl concentration was increased further to 20 ppm. 
The influence of O2 on mercury oxidation showed similar trends for Mn2O3 and Mn3O4. 
Compared to the stream containing Hg
o
 only, the addition of O2 significantly increased the 
mercury oxidation achieved by both manganese oxide catalysts at temperatures of 100 
o
C and 
higher. Under a combined gas stream of HCl, O2 and CO2, the results obtained were similar to 
those observed in the tests where only HCl was present. Studies on the influence of NH3 showed 
that the presence of NH3 decreased the extent of mercury oxidation considerably in streams that 
also contained HCl. This was most likely due to blocking of active sites on the catalyst surface by 
NH3 and/or the reaction between gas phase Hg
2+
 and NH3 to produce Hg
0
. The amount of 
adsorbed mercury that remained on the catalysts after testing (and flushing with N2) under 
different conditions varied considerably. The results obtained on mercury adsorption showed that 
for gas streams containing Hg
0
 only, more mercury is adsorbed on the surface of Mn2O3 and 
Mn3O4 compared to that of gas streams containing HCl, where the amount of adsorbed Hg was 
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significantly lower. Post characterization XPS and XRD results from catalysts tested at 150
o
C in 
the presence of HCl and O2/CO2, showed that the phase and surface chemistry of the tested 
materials showed no significant change after testing. For morphology, the materials did not have 
any significant change after testing. This was also reflected in the similar BET surface areas 
obtained for the fresh and used catalysts.    
 
- In chapter five, studies were conducted on the NiO material that was investigated in chapter 3 
and a commercially available NiO. For Hg
0
 only streams a very small amount of mercury 
oxidation (1-2%) was observed across 50 to 300
o
C for the synthesised NiO. For the 
Commercial NiO, no significant mercury oxidation was observed across 50 to 300
o
C. In a 
stream containing Hg
0
 and HCl (10 ppm) temperature was observed to have a significant 
effect on the extent of catalytic oxidation. For a gas stream containing HCl, ~ 55% Hg 
oxidation was observed using the synthesised NiO at 50
o
C, whilst further increases in 
temperature to 300
o
C led to higher  92% oxidation at 300
o
C. For the commercial NiO in a 
stream containing only Hg
0
 and HCl the influence of temperature was as follows: Mercury 
oxidation was observed beyond 50
o
C, where mercury oxidation continually increased with 
increasing temperature, reaching 63% mercury oxidation at 300
o
C. For a Hg
0
 stream 
containing O2, temperature had minimal effect between 50
o
C and 100
o
C with no significant 
mercury oxidation observed at a temperature of 50
o
C for both NiO catalysts, whilst only a low 
amount of oxidation (~5%) was observed for both catalysts in the presence of O2 at 100
o
C. At 
150 
o
C, the extent of mercury oxidation in the presence of O2 greatly increased to 42% for the 
commercial NiO and 48% for the synthesised NiO. Beyond 150
o
C, mercury oxidation 
gradually increased, reaching 60% and 53% for the synthesised NiO and commercial NiO at 
300
o
C.  Studies on the influence of HCl showed that the presence of this species had a 
significant effect on Hg
0
 oxidation for both Ni catalysts, where a significant increase in 
mercury oxidation was observed when HCl (5 ppm) was present in the stream. Studies on the 
influence of HCl concentration (5 to 20 ppm) at 150
o
C showed that the extent of Hg oxidation 
increased with increasing HCl concentration up to a HCl concentration of 15 ppm. No further 
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increase in oxidation was observed when the HCl concentration was increased further to 20 
ppm. When increasing the concentration of HCl from 5 ppm to 20 ppm, increases in Hg
0
 
oxidation were observed, resulting in higher oxidation efficiencies of ~99% (synthesized 
NiO) and ~67% (commercial NiO) at 20 ppm HCl. The influence of O2 on mercury oxidation 
showed similar trends for the synthesised NiO and commercial NiO. Compared to the stream 
containing Hg
0
 only, the addition of O2 significantly increases the mercury oxidation achieved 
by both nickel oxide catalysts at temperatures of 100
o
C and higher. Under a combined gas 
stream of HCl, O2 and CO2, the results obtained were similar to those observed in the tests 
where only HCl was present, where significant mercury oxidation is reported at 150
o
C and 
higher oxidation efficiencies are seen when the temperature increased to 300
o
C. The addition 
of NH3 in a gas stream containing HCl significantly hindered the mercury oxidation for both 
NiO catalysts – this hindrance was most likely due to the reasons given earlier for similar 
results obtained with the manganese oxide catalysts. Post characterization XPS and XRD 
results from catalysts tested at 150
o
C in the presence of HCl and O2/CO2 showed that the 
phase and surface chemistry of the nickel oxides showed no significant change after testing. 
For morphology, the materials did not have any significant change after testing. This was also 
reflected in the similar BET surface areas obtained for the fresh and used catalysts.    
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1.1 Introduction 
 
Toxic gaseous elemental mercury, Hg
0
, is emitted into the atmosphere by natural (volcanoes, oceans) and 
anthropogenic sources. Coal-fired power plants are collectively the largest man-made source of mercury 
emissions, whilst other major emitters include the cement and alumina industries. Hg
0
 emissions have 
been linked to a number of human health issues 
[1-8]
, this has led to legislation in the USA to reduce 
mercury emissions from coal-fired power plants, whilst the introduction of similar legislation in Europe 
has also been discussed 
[1-4, 6, 8-12]
.  
Currently, there are very few technologies commercially available for removing mercury from coal-fired 
power plant emissions that are attractive from both an economical and environmental perspective. Of the 
processes that are available, the most widely used to date have been activated carbon (AC) based 
processes. Reported mercury removal efficiencies when using AC exceed 95%, regardless of mercury 
species. Although AC based processes are effective the cost of the technology is expensive, where it is 
estimated that AC injection costs range from $2,250 to $31,500 per kg of mercury removed 
[1-4, 6, 8-12]
. 
Additionally, mercury-laden carbon is hazardous and difficult to dispose of. 
 
A mercury removal process that is recognized as having significant promise from both an economic and 
environmental perspective is a process based on catalytically oxidizing elemental mercury. This process 
involves converting gaseous elemental mercury, Hg
0
 to more soluble oxidized mercury, Hg
2+
 over the 
surface of a suitable catalyst. The most common oxidized species of converted Hg
0
 are HgCl2 and HgO, 
where the converted elemental mercury can vary depending on the type of catalyst and the presence of 
other compounds 
[13]
. The first studies into catalytic oxidation of mercury were recorded in 1991 
[9, 14]
 
since then, there has been continual considerable interest in developing various materials capable of 
catalysing/removing mercury from industrial gaseous streams.  
7 
 
In order for the promise of catalytic-based processes to be realized, research is needed on the discovery of 
suitable catalysts. Various catalysts have been tested for the catalytic oxidation of Hg
0
. These materials 
have primarily consisted of metal oxides, in particular, transition metal oxides. Catalysts that have been 
studied to date include iron oxides, manganese oxides, cerium dioxide and titanium dioxide. The use of 
these metal oxides has been a major focus as a cheaper and environmentally safer alternative to sorption- 
based technologies. Along with these materials, the condition under which mercury oxidation occurs has 
also been studied. There are various parameters that have been shown to influence mercury oxidation- 
such as temperature, gas composition, gas concentration and time exposed to catalyst 
[13]
. Temperature is 
reported to have a significant effect on Hg
0
 oxidation, where increasing temperatures can increase 
oxidation, depending whether the catalyst is placed upstream or downstream in the reactor 
[14-18]
.  The 
presence of HCl has been widely studied and is known to be critical for Hg
0
 oxidation to occur, leading to 
the formation of HgCl2, the concentrations of which can increase oxidation further 
[2, 9, 17, 19-31]
. Other 
gases such as O2, are known to act as an oxidant, has a positive effect of Hg
0 
oxidation, leading to the 
formation of HgO 
[3, 8, 32, 33]
. Other gases found in coal-fired power plant streams such as ammonia, NH3, 
have been shown to inhibit catalytic oxidation 
[9]
. It is ideal to have a catalyst that can oxidise Hg
0
 under 
high as well as low temperature under various gas conditions. The following sections provide more detail 
into the sources of Hg
0
 emissions as well as the legislation, technologies, mechanisms and catalysts used 
for Hg
0
 oxidation. 
1.2 Hg Emissions from Coal-Fired Power Plants 
 
Coal-fired power plants have recently been growing in popularity as a source of power generation due to 
the availability of coal and its moderated effects compared to that of other combustion processes 
[2-4, 9, 10, 
12, 14, 27, 34-37]
. The increasing demand in energy from coal-fired power plants combined with the declining 
quality of coal over the decades have led to increased levels of total Hg emissions from coal-fired power 
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plants. It has been estimated that over 2,000 tons of Hg are emitted from coal-fired power plants globally, 
and represents 60% of total Hg emitted into the atmosphere each year, therefore making coal-fired power 
plants the greatest contributor to Hg emissions globally 
[2, 10, 38, 39]
.  Table 1.1 highlights the regions and 
their corresponding emissions; 
 
Table 1.1 United Nations Environment Programme (UNEP) Global Mercury Emissions 
[36] 
Region Emission (tonnes) % 
Australia, New Zealand and Oceania 22.3 (5.4-52.7) 1.1 
Central America and The Caribbean 47.2 (19.7-97.4) 2.4 
CIS and Other European Countries 115 (42.6-289) 5.9 
East and South East Asia 777 (395-1690) 39.7 
European Union (EU27) 87.5 (44.5-226) 4.5 
Middle Eastern States 37.0 (16.1-106) 1.9 
North Africa 13.6 (4.8-41.2) 0.7 
North America 60.7 (34.3-139) 3.1 
South America 245 (128- 465) 12.5 
South Asia 154 (78.2-358) 7.9 
Sub-Saharan Africa 316 (168- 514) 16.1 
Undefined (global total for emissions from contaminate sites) 82.5 (70.0-95.0) 4.2 
Grand Total 1960 (1010-4070) 100 
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1.2.1 Mercury Speciation in Coal Flue Gas and Coal Flue Gas Composition 
 
Mercury is reported to be present in coal in trace amounts (0.01 to 3.3 µg/g, mostly in the form of 
cinnabar, HgS), however, the extremely large amounts of coal that are processed worldwide each year 
result in significant amounts of mercury being subjected to processing. Mercury concentration levels in 
coal flue gas vary from 1 to 200 µg/m
3
 
[3, 35, 40]
. Mercury exists in coal-fired flue gases in three main 
forms) (Figure 1.1) 
[2, 3, 8-10, 40-44]
; 
(i) Elemental Hg (Hg0),     
(ii) Oxidised Hg (Hg2+), 
(iii) Particle-bound Hg, (HgP)      
Where the concentrations of each species can differ depending on the type of coal burned and the 
processing conditions. Figure 1.1 shows various species of Hg when emitted from coal-combustion;    
 
 
 
 
 
 
 
 
Figure 1.1 Mercury Species from Coal-Flue Gas 
[8, 45]
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Emissions from coal-fired power plants before any pre-treatment is estimated to contain Hg
0
 (20–50%) 
and Hg
2+ 
(mostly in the form of HgCl2) (50–80%) and very low levels of particulate mercury, Hgp 
[41]
.   
Hg
0
, which is the most abundant form of Hg emitted from coal-fired power plants, is formed during the 
coal combustion process at high temperature where HgS is converted to Hg
0
 when volatilized, then 
further released into the atmosphere. The release of Hg
0
 into the atmosphere is due to combination of its 
chemical inertness (due to its closed-shell electronic structure [Xe] 4f
14
5d
10
6s
2
), it’s very low water 
solubility (49.4 x 10
-6
 g/l at 20
o
) and high volatility (vapour pressure of 0.180 Pa at 20
o
C) 
[40, 46, 47]
. 
The oxidized Hg (Hg
2+
) present in coal-fired flue gases is present predominantly as HgCl2 and HgO. 
Some important characteristics of the aforementioned species are given in Table 1.2 below; 
Table 1.2 Physical Properties of Hg Species 
Hg Species Vapour Pressure Solubility in Water 
HgO 5.39 Pa at 260 
o
C 
[48]
 0.0053 g/100 ml 
[48]
 
HgCl2 170.00 Pa at 236 
o
C 
[48]
 7.40 g/100 ml 
[48]
 
Hg 10,000 Pa at 25
o
C 
[49]
 0.003/ 100 ml 
[49]
 
 
Most Hg
2+
 based species have a relative high solubility in water (0.74 g/L at 20
o
C for HgCl2) and an 
atmospheric lifetime of 5-14 days which leads to them being mostly deposited on nearby land and 
vegetation 
[9, 44]
. Hg
2+
 is captured using existing technologies in coal-fired power plants such as wet 
scrubbers, or wet flue gas desulphurization (WFGD) systems, a technology used for the removal of SO2.   
Particulate mercury, HgP, consisting of a mixture of Hg
0
 and Hg
2+
, has a minimal contribution to the level 
of mercury emitted from flue gas, as this is predominantly captured using processes that are implemented 
in most coal-fired power plants such as  WFGDs, electrostatic precipitators (ESP), fabric filters and air 
pollution control devices (ACPDs) 
[44, 47]
 which are used to control particulate emissions.  
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As discussed in the previous section, the conversion efficiency for many of the catalyst materials studied 
in the literature has been shown to be greatly influenced by the gas constituents in the stream being 
treated. Depending on the type of coal, various gas species are evolved during the combustion process 
which releases particular gases that can have both a positive or negative affect on Hg
0
 oxidation process. 
The mechanisms involved in mercury oxidation demonstrate the critical roles various flue gases have on 
Hg
0
 oxidation, in particular, acidic gases such as HCl, Cl2, SO2, SO3, NH3 and NOx. The typical 
combustion flue gas constituents and their concentrations are shown in Table 1.3. This section describes 
the effects of coal- flue gas components on Hg
0
 oxidation
[13]
. 
Table 1.3 Coal Flue Gas Constituents 
[8]
 
Flue Gas Component Concentration (ppm) 
O2 4,000 – 10,1000 ppm 
CO2 10,000-16,000 ppm 
N2O 5 – 200 ppm 
CO 10-100 ppm 
Hydrocarbons 1 - 10 ppm 
NO 100-1000 ppm 
NO2 5 - 50 ppm 
SO2 100-2000 ppm 
SO3 1 – 20 ppm 
HCl 1 - 100 ppm 
N2 Balance 
H2O 5,000 – 6,000 ppm 
NH3 ~5 ppm 
Hg 0.1 – 2 ppm 
 
Homogeneous oxidation of Hg
0
 occurs when Hg
0
 reacts with chlorine and other gas-phase oxidants such 
as chlorine radicals (Cl
-
), ozone (O3) and HCl, where the level of oxidation is dependent on the 
concentration and temperature of the flue gas. It has been predicted that gaseous chlorine exists as HCl in 
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flue gas, where it has been identified that the homogeneous reaction occurs mostly by the chlorine 
radicals and is reported to aid in the oxidation process. Investigation into the factors affecting 
homogeneous oxidation of mercury post-combustion flue gas under conditions relevant to those 
encountered coal-fired effluent streams have been widely conducted 
[3, 4, 9, 13, 19]
 in an effort to understand 
the kinetics of chlorine speciation (Cl
.
, Cl2, HCl) 
[3, 4, 9, 13, 19]
 .  
First studies of gas-phase reactions with Hg
0
 began in 1991, where the effects of Cl2, HCl, NOx, and O2 
on mercury speciation. Thereafter, it was concluded by further experiments that the concentration of HCl 
in coal-flue gas had a positive effect on the oxidation of Hg
0
 to Hg
2+
, where it was assumed that the 
oxidized form of mercury exists as HgCl2 
[3, 4, 9, 13, 19]
. However, recently it has been shown the HCl does 
not directly cause the oxidation of Hg
0
 due to a high energy barrier for the reaction and it is said to go by 
a low energy barrier with the reaction between chlorinating agents such as Cl or Cl2 
[3, 4, 9, 13, 19]
  
The rate determining steps for reaction have been speculated between Hg
0
 and Cl atoms, where the 
reactions proceeds through an intermediate product, HgCl2 and is given the reaction sequence; 
Hg(g) + Cl2(g) → HgCl2(g)       (1.1) 
Where HgCl is subsequently oxidized by Cl2 to form HgCl2,  
Results from a confirmed that the extent Hg
0
 oxidation (expressed at a fraction of Hg
2+
) increase with HCl 
concentration and coal-Cl content. This also confirmed the major reaction pathway to HgCl2 is via the 
reaction of Hg
0
 with atomic Cl. Under the presence of 500 ppmv of Cl2, nearly complete oxidation was 
observed. This highlighted the importance of chlorine and chlorine radicals in homogeneous oxidation of 
Hg
0
.  Depending on the coal type, the concentration of emitted coal-flue gases can influence the 
homogeneous reaction between Hg
0
 and Cl2. This could result in either high or minimal oxidation of 
mercury. It has been reported that the homogeneous reaction of Hg
0
 and Cl2 was too slow to generate 
significant oxidation of mercury at operating temperatures of 500
o
C, and that an additional mechanisms 
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must be involved. They concluded that the overall mechanism is possible heterogeneous and not 
homogeneous 
[3, 4, 9, 13, 19]
.   
1.2.1.1 Chlorine 
 
In Australia, high quantities of Hg
0
 is released into the atmosphere from coal-fired power plants due to the 
lower levels of chlorine in Australian coal
[4]
. Because of high level of Hg
0
 generated from a high volume 
of coal-flue gas, its complex nature, along with its toxicity to the environment, various technologies into 
removing or converting Hg
0
 to a less toxic form, have been sought after, both in Australia and globally. 
As previously mentioned, chlorine plays a critical role in Hg
0
 oxidation 
[2, 9, 17, 19-31]
, where chlorine is the 
main flue constituent which is responsible for the oxidation process as it is the highest concentration 
halogen in coal-flue gas 
[26]
. Chlorine primarily comes in the form of HCl vapour, it can also be present as 
Cl2. The level of Hg
2+
 varies with concentrations of acidic gases such as HCl and Cl2 in the presence of a 
suitable catalyst 
[24, 50]
.  It is determined that the desired route of the gas-phase reaction between HCl and 
O2 is via the Deacon Reaction represented by the following reaction; 
2HCl(g)
 
+ ½ O2(g) ↔ Cl2(g)
 
+ H2O(g)      (1.2) 
For mercury oxidation reactions on a laboratory scale, research has shown that the presence of HCl has a 
strong kinetic influence on Hg
0
 oxidation, and is represented by the following equation, 
Hg
0
(g) + 2HCl(g)
 
+ ½ O2(g) ↔ HgCl2(g)
 
+ H2O(g)     (1.3) 
An adaption of the Deacon process, where Cl2(g) is formed
[45, 51]
; 
2HCl(g)
 
+ ½ O2(g) ↔ Cl2(g)
 
+ H2O(g)     (1.4) 
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The reaction between mercury and chlorine is reported to be a slow gas-phase reaction, where Hg
0
 reacts 
with HCl bound to the catalyst surface, where there is an increase in chlorinated sites on the surface of the 
catalyst, which then react with Hg
0
 to form HgCl2. Hence, this reaction is called heterogeneous oxidation.  
Work conducted by Kamata et al. has shown that when concentrations of HCl were increased from 1 to 
50 ppm the amount of Hg
2+
 increases with higher HCl concentrations 
[15]
. It has been reported in the 
literature that between 3 to 91% Hg
0
 oxidation can occur at operating reactor temperature of 350
o
C 
[14-18]
. 
At the same reactor temperature, a bench scale study increased the HCl concentration range from 0 to 
204 ppm, with reported Hg
0
 oxidation levels ranging from 0 to 90%. The results of this study 
demonstrated the importance of HCl during Hg
0
 oxidation, with no HCl reporting 0% Hg
0
 oxidation 
[15]
. 
Recent studies on the catalytic oxidation of mercury have shown the importance of chlorine species 
between 300-400
o
C, as Cl2 can be catalytically produced and lead to more oxidation of Hg
0
 within the gas 
stream. Along with reaction temperatures, chemical equilibrium algorithms predict that Hg
0
 oxidation can 
occur in the presence of chlorine as the flue gas cools from 677
o
C and finishes when the stream cools to 
427
o
C. At lower temperatures of 350
o
C, significant Hg
0
 oxidation can only occur in the presence of a 
suitable catalyst 
[3, 4, 9, 13, 19]
.  
Additionally, the role of chlorines is crucial when in the presence of NH3, where completion of surface 
sites occurs and can result in a positive or negative effect on Hg
0
 oxidation, depending on the 
concentration of gas HCl. A discussion regarding the effects HCl on catalytic oxidation when in the 
presence of NH3 is
 
presented in Section 1.2.1.3.  
1.2.1.2 Effect of O2
 
on
 
Hg
0
 Oxidation Efficiency
  
 
The effect of O2 on Hg
0
 oxidation has reported to be important for Hg
0
 oxidation, where it acts as the 
oxidant, providing more oxidation 
[3, 8, 32, 33]
 . This reaction can lead to the formation of HgO depending on 
the concentration of O2, and undergoes the potential reaction;  
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Hg
0
(g) + O2(g) → HgO     (1.5) 
Under high levels of HCl, the presence of O2 can have no significant effect on the level of oxidation when 
the catalyst surface is covered with chlorinated sites. However, without the inclusion of O2, certain 
catalysts such as those based on noble metals can act as adsorbent for Hg
0
 even at higher temperatures 
above 400
o
C. Subject to the concentration of O2, the inclusion of O2 can also accelerate adsorption of Hg
0
 
on the surface of the catalyst. To further enhance the reaction between mercury and oxygen, CeO2 has 
been used for mercury oxidation studies as it reported to have high oxygen storage capacities.  
1.2.1.3 NH3 
 
During the catalytic oxidation process of Hg
0
 in streams containing NH3, it is well known that the 
efficiency of given catalyst materials may be significantly decreased 
[3, 4, 9, 13, 19]
. This is specifically true 
for conditions which also contain specifically halogen compounds such as O2 and/or HCl, therefore, the 
role of NH3 needs to be considered when testing the performance of catalytic materials. When in the 
presence of Hg
0
, the following reaction stoichiometry is applied; 
HgCl2 (g) + NH3 (g) + ¼ O2 (g) → Hg
0
(g) + 2HCl(g) + ½ N2(g) + ½ H2O(l)   (1.6) 
Studies into the effect of NH3 on Hg
0
 oxidation have widely been conducted 
[3, 4, 9, 13, 19]
. In a technical 
paper by Niksa and Fujiwara 
[75]
 suggested that in the presence of HCl and NH3, HCl competes for surface 
sites with NH3. It has been hypothesised that NH3 strongly adsorbs onto the surface of a monolith-based 
catalyst, where it reduces the coverage of any chlorinated sites and hence inhibits Hg
0
 oxidation by 
deactivating the catalyst 
[3]
. However, when the NH3 has been consumed by the SCR process, the Hg
0
 
oxidation rate can speed up, so long as Cl ions are also present in the gas-phase. Therefore, higher 
concentrations of HCl (or Cl2) are needed to increase Hg
0
 oxidation, where more chlorinated sites on the 
catalyst are present. A study by Madsen, in the presence of 4 ppm HCl, 20 µg/Nm
3
 Hg
0
, 5% O2, 2% H2O, 
50 ppm and 50 ppm NH3 in balance N2, oxidation is seen to occur at higher and lower temperatures
 [9]
. 
16 
 
The experiment conducted between 250 and 450
o
C, also reported no inhibition of Hg
0
 between 300 and 
325
o
C, where it is concluded that a reduction in HgCl2 occurs. It was concluded that a synergy between 
the NO and NH3 at certain temperature ranges, and at temperature below 300
o
C NH3 alone inhibits the 
Hg
0
 oxidation process. Hence, investigations into catalysts that are active at lower temperatures that are 
able to reduce the inhibitory effect of NH3 are desirable 
[3, 4, 9, 13, 19]
. 
1.3 Environmental Impact of Hg emissions   
 
Hg
0
 has severe environmental effects, contaminating waterways and affecting human life 
[5, 6, 12, 35, 52-57]
. 
Once Hg
0
 is emitted into the atmosphere and enters waterways, highly toxic organic methylmercury  
(CH3Hg) is formed via the conversion of Hg
0
 to its oxidized state (Hg
2+
) via sulphate-reducing bacteria in 
a process known as biological methylation of inorganic mercury 
[7, 58, 59]
. Fish and shellfish become 
contaminated with CH3Hg and are then eaten by other animal species in the food chain. The accumulation 
of Hg in the food chain is the most common route of Hg exposure for humans. In addition to this, CH3Hg 
is considered a neurotoxin (poisonous to nerve tissue) 
[49, 60-66]
. Most humans are exposed to Hg at both 
low levels (chronic exposure), and high levels (acute exposure). The acceptable mercury level in human 
blood is 5.8 µg/L 
[5, 35, 53-55]
. Once greater than the limit, severe affects can occur. The health effects of 
mercury depend on a number of factors, including 
[5]
; 
 Species of mercury
[5]
; 
 Concentration and dose of mercury 
[5]
; 
 Age or developmental stage of the person exposed (the fetus is most susceptible)
 [5]
; 
 Mercury exposure time 
[5]
; 
 Route of exposure (inhalation, ingestion or skin contact) 
[5]
. 
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Overall, the symptoms of mercury poisoning can lead to tremors, damage to internal organs especially the 
liver and kidneys, neurological disorders, and to a greater extent, death. Pregnant women are regarded as 
the population of highest concern because the developing fetus is the most vulnerable to the toxic effects 
of CH3Hg 
[5, 35, 53-55]
. According to the United States Environmental Protection Agency (US EPA), it is 
estimated that 75,000 babies are born each year with increased danger of neurological and developmental 
effects related to methyl mercury exposure in-utero 
[35]
. Figure 1.2 shows the effects mercury in utero.  
 
Figure 1.2 Effects of Mercury in-utero
[67] 
Those with chronic exposure to Hg are mainly exposed as a result of living in fishing populations. A 
study into the health effects of mercury had reported between 1.5/1000 and 17/1000 children had 
cognitive impairment (mild mental retardation) caused by the consumption of fish containing mercury. 
These included populations in Brazil, Canada, China, Columbia and Greenland 
[5]
.  
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1.4 Mercury Removal Technologies 
 
Proposed legislation on mercury and the technologies that have been implemented or researched for 
controlling mercury emissions fare discussed in the following sections. 
 
1.4.1 Mercury Control Legislation  
 
The most recent legislation into mercury control was introduced at the Minamata Convention on Mercury 
in July 2014 
[61, 64, 65]
. Aimed to control mercury emissions as well as banning new mercury mines and 
reducing the number of existing manufacturing processes that contain mercury, the treaty was 
unanimously signed by 101 countries at the convention
[61, 62]
. Regulations on mercury control at coal-fired 
power plants have been proposed and/or implemented in the USA and Europe.  Specific worldwide 
regulations include: 
- The Mercury Action Plan (MAP) introduced by the  
- US, under the Clean Air Act, has included a series of regulations to control mercury emissions [61, 
62, 64]
. In 2008, the US EPA signed the Mercury Export Ban Act which aims to reduce and 
ultimately ban mercury exports from the US. Activated in 2013, the amount of mercury exported 
will be reduced significantly on a global scale 
[61, 62, 64]
.  
- For the European Union, there are three directives that are currently being employed at coal-fired 
power plants; (i) Integrated Pollution Prevention and Control (IPPC) directive, (ii) Large 
Combustion Plant Directive (LCPD); and (iii) Waste Incineration Directive (WID), applicable to 
plants coal-firing waste; all of which are to be superseded by the Industrial Emissions Directive 
(IED), to be effective in 2016. In 2011, a ban on mercury exported from the EU came into effect, 
where a mercury storage strategy was established 
[61, 62, 64]
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- In Germany, an emission mercury limit of 30 µg/m3 was set in accordance with the Thirteenth 
Ordinance of the Federal Emission Control Act 
[61, 62, 64]
. 
- China is considered as one of the largest contributors to Hg0 emissions. The Chinese government 
and related agencies have aimed towards measures of reducing mercury emissions from coal-fired 
power plants in China. In 2010, the state Environmental Protection Department formulated 
mercury pollution control pilot projects in coal-fired power plants from 2011 to 2015.    
Major countries that have no mercury regulations with regards to coal-fired power plants include 
Australia and India. 
Under the standards of Mercury Air Toxic Standards (MATS) issued by the US EPA in November 2012, 
the aim is to prevent ~ 69 % of mercury emissions into the atmosphere by 2018 
[61, 62, 64]
.
 
Therefore, 
mercury emissions are continually being monitored by coal-fired power plants, where their monitoring 
processes are discussed in the subsequent sections 
[61, 62, 64]
. 
1.4.1.1 Mercury Emissions Monitoring 
 
Mercury emission levels from coal-fired power plants can be measured using a range of procedures / 
instrumentation. Continuous monitoring of mercury emissions can be conducted using gas handling / pre-
treatment procedures coupled with one or more of the following analytical instruments (cold vapour 
atomic adsorption spectroscopy (CV-AAS), cold vapour atomic fluorescence (CVAFS), atomic excitation 
spectrometry (AES), and chemical sensors)
 [8, 13, 50, 51]
.  
These processes are used to ensure, that the mercury emissions levels are running under safe levels. In 
order for the mercury to remain under safe levels, mercury removal processes are being applied to reduce 
the amount of mercury emissions.  
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1.4.2 Mercury Removal Processes 
 
Current commercially available technology for removing Hg
0
 from combustion based flue gases are 
discussed in the following sections. Additionally some proposed technologies for mercury removal are 
discussed.  
 
1.4.2.1 Activated Carbon Injection   
 
Activated Carbon Injection (ACI) is the most mostly widely used process for removing elemental 
mercury from coal-fired power plants 
[68, 69]
.   
Activated carbon has been shown to be a very effective material for the removal of various contaminates 
gases from industrial processes 
[70-75]
. Due to its high surface area, produced by the pyrolysing coal or 
wood to remove volatile material, activated carbon can adsorb a wide range of contaminants in trace 
amounts including mercury 
[56-61]
.    
For Activated Carbon Injection (ACI), powdered activated carbon is injected in the flue gas duct of the 
coal-burning facility. When injected, the mercury is adsorbed by the activated carbon and then captured in 
the power plant’s waste fly ash and collected downstream by a downstream Particle Control Device 
(PCD), which includes electrostatic precipitators (ESP) and fabric filters (FF). To determine its efficiency 
for mercury removal, the physical and chemical characteristics of the activated carbon is analysed, in 
particular, surface area, particle size distribution and pore-size distribution
[76]
. The factors affecting the 
performance of activated carbon include the flue gas temperature, amount of activated carbon injected, 
mercury concentration, mercury species, the residence time and the carbon type. The most important 
factor for efficient use of ACI in mercury removal is the flue gas temperature, where at high temperatures 
above 200
o
C, mercury struggles to adsorb to the activated carbon. Therefore, flue gas temperatures below 
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200
o
C are required for mercury adsorption to occur. The use of this technology has been estimated to 
range from $2,250 to $31,500 per kg of mercury removed 
[1-4, 6, 8-12]
 with the resulting annual cost to be 
around US $5 million dollars for a typical 500-MW coal-fired power plant 
[77, 78]
. The high cost of Hg
0
 
removal using activated carbon is partly due to the fact that fly ash within the process decreases the 
activated carbons reusability, thus resulting in significant increase in disposal and landfill expenses.  
Figure 1.3 shows the use of ACI in coal-fired power plants; 
 
 
 
 
 
Figure 1.3 Activated Carbon Injection in Coal-Fired Power Plants 
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1.4.2.2 Non Carbon Based Sorption  
 
Various non-carbon based sorbents have been tested for mercury removal. Noble metals such as gold 
(Au), silver (Ag), palladium (Pd), Platinum (Pt) and Iridium (Ir), have been shown to capture mercury via 
amalgamation 
[8]
. The main drawback in the use of noble metal-based sorbents for the removal of mercury 
is mostly a combination of their high cost and relatively short lifetime (whilst these materials can be 
mostly regenerated the loss of capacity and cost of regeneration are currently not considered viable by 
most coal-fired power plant operators). Although the use of noble metal based sorbents has major 
drawbacks, Au, Pt and Pd - based sorbents for mercury removal are commercially available 
[2, 79]
. Bench 
and field scale studies on these materials have shown that in the absence of oxidizing species, noble 
metals absorb Hg
0
 at temperatures as high as 400
o
C
[14]
. A study by Poulston et.al. confirmed this using Pd 
supported on Al2O3 , testing at temperatures between 204
o
C and 388
o
C under the following conditions 
(5% CO2, 15% N2, 35% H2, 45% CO, 2000 µg/m
3
 Hg
0
, total flow rate: 2000 ng/min). From this 
experiment, it was shown that the material was an effective adsorbent of Hg 
[80]
. Under the same 
conditions in the same study, Pt loaded onto Al2O3 was also tested and showed less adsorbed Hg than the 
Pd sorbents used. Under the temperatures tested, the amount of Hg
0
 removed by each of the sorbents 
decreased when the temperature increased 
[14, 80]
. 
 
1.4.2.3 Catalytic Mercury Removal Processes 
 
The main focus of catalytic mercury removal processes is the removal of elemental mercury. These 
processes generally involve catalytically oxidizing the elemental mercury into HgCl2 or HgO, and then 
capturing the aforementioned species in an aqueous solution. Before discussing specific research that has 
been done on catalytic oxidation of gaseous elemental mercury, some fundamentals of this process will be 
discussed.  
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Heterogeneous catalytic oxidation of elemental mercury has received considerable attention over the last 
20 years 
[2, 3, 9, 10, 13, 42]
. For heterogeneous oxidation to occur, a gas-solid phase reaction on the surface of a 
suitable catalyst is required, where bonds are rearranged on the surface of the catalyst as a result. 
Typically, high surface area materials are desired for this reaction, where the increase in the number of 
active sites on the surface of the materials can allow for more reactions to take place on the catalyst 
surface. Additionally, the catalyst is also required to perform under certain temperatures and flue gas 
compositions, where it can influence the direction of the reaction.  
Catalytic oxidation of Hg
0
 over solid catalysts has been proposed to most likely occur via three main 
catalytic mechanisms, where the use of oxidizing species such as Cl2 and O2 play a critical role in the 
reaction (refer to reaction 1.2). 
(1) Langmuir-Hinshelwood Mechanism: According to the Langmuir-Hinshelwood mechanism, the rate of 
reaction is dependent on the concentrations and the rate constant for the surface reaction. As shown in 
reactions 1.7- 1.10, there is a bimolecular reaction between  adsorbed Hg
0
 and the oxidising species, 
Cl2 or O2, on the catalyst surface 
[3, 81]
.   
   Hg
0
(g) ↔ Hg(ads)         (1.7) 
             Cl2(g) ↔ Cl(ads)         (1.8) 
             Hg(ads) + Cl(ads) ↔ HgCl(ads)       (1.9) 
HgCl(ads) ↔ HgCl2(g)        (1.10) 
 
(2) Eley-Rideal Mechanism: The Eley-Rideal mechanism involves the adsorption of elemental mercury 
on the catalyst surface (1.11), potentially forming HgCl2 and HgO 
[1, 3, 91]
   
Hg
0
(g) ↔ Hg(ads)         (1.11) 
Hg
0
(ads) + 2HCl(g) → HgCl2(g)       (1.12) 
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Depending on reaction conditions, the adsorbed Hg
0
 further reacts with gas-phase O2 and Cl2 forming 
mercury species of HgO and HgCl2 
(3) Mars-Maessen/Mars-van Krevelen Mechanism: In the presence of a metal oxide-based catalyst, it is 
proposed that this is the most likely mechanism for Hg
0
 oxidation. The Mars-Maessen reaction can be 
confirmed by the observation of mercury oxidation in the absence of oxygen or chlorine gas through 
variations of (1.14). The Mars-Van Krevelen mechanism shows that the lattice oxygen is used for 
oxidation of the reaction and the formation of gas-phase molecular oxygen is only to replenish the 
oxygen removed by the reaction 
[82]
.  
 
Hg(g) + surface ↔ Hg(ads)       (1.13) 
Hg(ads) + MxOy ↔ HgO(ads) + MxOy-1
       
(1.14) 
HgO(ads) + MxOy-1- + ½ O2(g) + MxOy      (1.15) 
HgO(ads)
 
+ MxOy ↔ HgMxOy-1       (1.16) 
 
1.4.2.3.1 Research Conducted on Noble Metal Based Catalysts 
 
Noble metal catalysts have been extensively studied as catalysts for Hg
0
 oxidation over the past decade 
[2, 
9, 79]
. Typically deposited onto supports for better catalytic activity, studies on these catalysts have been 
conducted under a range of temperatures and conditions. 
Gold deposited on alumina (Al2O3)  has been shown to be extremely efficient for mercury oxidation in the 
presence of HCl and O2, with a reported Hg
0
 oxidation range of 40 to 99% at reaction temperatures 
between 139-149
o
C, where it is seen the oxidation increases with increased temperature 
[14]
.  
As mentioned earlier Pd is known to adsorb Hg
0
 in the absence of O2 and halogens at temperatures as 
high as 400
o
C. At a lower temperature range of 204
 o
C and 388
o
C and in the presence of halogens, Pd is 
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able to catalytically oxidise Hg
0
.
 
It has been shown that Pd can catalytically oxidise Hg
0
 with a reported 
efficiency of over 95% in the initial stage, with a decrease in the level of oxidation to 65% over a testing 
period of  >20 months 
[2, 9, 79]
.  Therefore alternative highly active catalysts that are more economical and 
suitable for Hg
0
 oxidation is continually being investigated 
[3, 4, 9, 13, 19]
. Table 1.4 shows the reported metal 
oxides and their reported conditions. Studies into other noble metals have included Ru/TiO2 where it has 
shown significant activity at temperatures as high as 300
o
C, reaching Hg
0
 oxidation of 82% when in the 
presence of coal flue gas. Another noble metal catalyst, Ir deposited onto Al2O3 has shown activity of 
mercury oxidation under low temperature where at 138
o
C, the catalyst was able to achieve 75% oxidation. 
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Table 1.4. Mercury Oxidation over Noble-metal based Catalysts 
[14]
  
Catalyst Temp 
(
o
C) 
Hg
o
 
(µg/Nm
3
) 
Gas Composition (ppm)   Hg oxidation (%) 
O2 H2O HCl NO NH3 SO2 Space hour 
velocity 
 (H
-1
) 
  
Ru/TiO2
[14, 83]
.
 350 50   4 10 300 260  79000 82 
Au/Teflon 
[14, 84]
. 225 55 6 8 50 600   2000   60 
Ir/Al2 O3
[14]
.
 138 12 8 8   500   2000 7.5 75 
Au/Al2O3 
[14]
.
 149 31 8 10 20     200-1200 3200-3600 40-99 
Pd/Al2O3 
[14]
.
 150 14-87 7-9 12 1.67     501 21300 52-86 
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1.4.2.3.2 Vanadium based catalysts  
 
Catalytic oxidation of mercury has been investigated using vanadium-based catalysts that are 
commonly used for catalysing reduction of NOx species present in coal-fired flue gases (this process 
is commonly referred to as selective catalytic reduction (SCR)).  The SCR process involves reacting 
NH3 over the SCR catalyst material with NOx. This results in the NOx reducing into gas–phase N2 and 
is represented by equations 1.17 and 1.18 below; 
4NO(g)  + 4NH3(g) + 3O2(g) ↔ 4N2(g) + 6H2O(g)    (1.17) 
2NO2(g) + 4NH3(g) + 3O2(g) ↔ 3N2(g)  + 6H2O(g)     (1.18) 
Typically the materials utilized as SCR catalysts are comprised of vanadium pentoxide (V2O5), 
tungsten trioxide (WO3) or titanium dioxide (TiO2) 
[22, 29, 85-96]
. Commercial SCR catalysts are required 
to have several characteristics such as high NOx removal activity, high durability, high stability, 
provide a low pressure drop, low ammonia slip, good resistance to poisoning and erosion, and possess 
low O2 oxidation activity 
[22, 29, 85-96]
. In order to provide high abrasion resistance and large geometric 
surface area comparable to a packed bed of catalyst pellets, SCR catalysts are typically formed on a 
honeycomb monolith or stacked set of plates as shown in Figure 1.4. 
 
 
 
 
                    Honeycomb Monolith         Plates 
Figure 1.4 Structures of SCR Catalysts. 
Many SCR materials have been tested for their Hg
0
 removal performance given the perceived benefits 
of being able to remove both mercury and NOx based pollutants from a coal-fired power plant effluent 
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stream. Studies have shown that SCR catalysts are capable of converting Hg
0
 to its oxidized form, 
Hg
2+
, with  studies involving SCR catalysts for catalytic oxidation of mercury first reported over 10 
years ago 
[97, 98]
.  Reported oxidation efficiencies have ranged from 4 to 98%, however the extent of 
removal has been shown to be highly dependent on various conditions such as coal type and reaction 
temperature 
[22, 29, 85-96, 99, 100]
.  
Typically SCR catalysts have been shown to oxidise mercury via a series of chemical steps. Firstly, 
oxidation of Hg
0
 in the presence of O2 and HCl can occur over an SCR catalyst by the following 
reaction to produce HgCl2; 
2HCl(g) + Hg
0
(g) + ½ O2 (g) ↔ HgCl2(g) + H2O(g)    (1.19)  
However, in the presence of NH3 (which is commonly present in coal-fired power plant flue gas – 
refer to Table 1.2), HgCl2 can be reduced back to elemental mercury, along with the formation of HCl 
and N2;    
2NH3(g) + 3HgCl2(g) ↔ N2(g) + 3Hg
0
(g) + 6HCl(g)  (1.20) 
Reaction temperature can have a significant effect on the SCR process and the mercury oxidation 
efficiency. At reaction temperatures above 325
o
C, HgCl2 is reduced in the presence of NH3, while for 
reaction temperatures between 250 and 375
o
C, the DeNOx reaction will hinder the rate of reaction 
(1.1) by consuming active vanadia-sites on the surface of the material that must be oxidised to recover 
activity for the oxidation of Hg
0
. The results of SCR studies have shown that at different reaction 
temperatures, various mechanisms to oxidise Hg
0
 are involved. It has also been shown that the 
concentration level of HCl also affects the Hg
0
 oxidation process, where at high temperature and high 
HCl concentration, the level of oxidised Hg
0
 increases. Even so, the mechanisms of Hg
0
 oxidation 
using SCR catalysts are not fully understood given the highly complex streams in which they are 
utilized to treat NOx and Hg
0
. 
The use of these SCR catalysts requires high temperatures (300-400
o
C), detrimental to Hg
0
 oxidation. 
There is significant cost in generating high temperatures of the reactors essential for mercury removal. 
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In addition to the presence of other gases which can significantly affect Hg
0
 oxidation, current 
catalysts have been unable to function at lower temperature. Therefore, the use catalysts that are 
efficient for Hg
0
 removal and oxidation at lower temperatures under coal-flue gas are highly desired.  
1.5    Catalytic Oxidation of Mercury using Transition Metal Oxide Based 
Catalysts 
1.5.1 Transition Metal Oxides and Catalysis 
 
Transition metal oxides have been widely studied as potential catalysts for mercury oxidation 
[3, 4, 9, 13, 
22]
. To date the following transition metal oxides (either alone or in combination with other 
oxides/compounds, excluding vanadium based oxides which were discussed earlier) have been 
studied as potential catalysts for oxidation of elemental mercury: Fe2O3, CuO, CoO, MnOx, NiO/TiO2, 
CeO2, Cu2O, CuCO4/Al2O3, Cr2O3, MoO3, TiO2, Co3O4,/TiO2, CeO2/TiO2 
[3, 4, 9, 13, 22],
 
Research that has been conducted on catalytic oxidation of mercury using transition metal oxides that 
are of significant interest to this study, namely Fe, Mn, Ni and Co oxides, is discussed in detail in the 
proceeding sections. 
1.5.1.1 Iron Oxides 
 
The use of iron oxides in the catalytic oxidation of mercury has received significant attention over the 
past 10 years, where iron oxide catalysts have been tested on both a laboratory scale and pilot scale.  
The findings from several of the studies conducted using iron oxides are summarised in Table 1.5.  
Kong et al. investigated the use of rod-shaped nano-Fe2O3 for Hg
0
 oxidation under the following 
conditions: 40 ppb Hg
0
 , 12% CO2 , 10% O2 and 1% water vapour  
[101]
. The results from this study 
showed that the Hg
0
 oxidation increased with decreasing catalyst particle size (16 to 51 nm). The 
oxidation efficiency of the catalysts was also found to increase with increasing temperature (from 
80
o
C to 400
o
C). Kong et. al. reported that when the temperature was increased beyond 400
o
C a 
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decrease in oxidation occurred – this was reported to be due to sintering effects at this high 
temperature.   
Wu et al. investigated high surface area hematite, (α- Fe2O3) nanoparticles (250 m
2
/g) which were 
coated on glass beads and placed in a fixed bed reactor in the presence of air and NO2. Under the 
following conditions: 250 ppm NO2, 18 ppb Hg
0
, flow rate= 860 cm
3
/min, bed volume= 90 cm
3
/min)
 
[27]
. Fe2O3 was found to act as an adsorbent more than a catalyst (80% efficiency absorption and 20% 
for oxidation), whereas under NO2, the opposite was observed (30% efficiency absorption and 70% 
for oxidation). Wu et al. also studied catalytic oxidation using a different phase of Fe2O3, maghemite, 
γ-Fe2O3. Under the conditions of 215 ppm NO2, 18 ppb Hg
0
 at a temperature of 260
o
C, and residence 
time of 0.25s, 60% oxidation was achieved with the maghemite catalyst 
[27]
. In the same study, 
Borderieux and Dunham investigated the fate of mercury in streams that contained only fly ash 
(which was comprised of mostly SiO2, Al2O3, Fe2O3, Na, K, Ca and Mg and both fly ash and 
magnetite 
[27]
.  Borderieux and Dunham reported that the stream with the added magnetite had a 
significantly higher mercury oxidation efficiency of 90% (at 250
o
C, 215 ppm NO2, 18 ppb Hg
0
 at a 
temperature of 260
o
C, and residence time of 0.25s), compared to the stream that contained only fly 
ash which had a reported oxidation efficiency of 10%.   
Hargrove et al. studied Fe2O3 on a laboratory scale, where less than 50% Hg
0
 oxidation occurred 
under the following conditions: reaction temperature of 150
o
C, duration: 2,000 hours, 60 ppb Hg
0
,  
7% O2, 12% CO2, 7% water vapour, 1600 ppm SO2, 50 ppm HCl, Flow rate= 1L/min 
[66]
. Injection of 
the same catalyst into a pilot plant led to an Hg
0
 oxidation efficiency between 10% and 60%. In the 
same study, the iron oxide catalyst tested achieved ~40% mercury oxidation after 9 days. After 83 
days, the catalyst’s activity dropped to 30%.  
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Table 1.5 Catalytic oxidation of mercury – studies using Iron Oxides 
 
1.5.1.2 Cobalt Oxides 
 
Cobalt oxides such as CoO and Co3O4, and supported cobalt oxide-based catalysts such as Co-
oxide/TiO2 have been reported to have good activity for Hg
0
 oxidation at low - medium temperatures 
[90-360
o
C].  Liu et al. investigated the influence of CoxOy loading (on a TiO2 support) on Hg
0
 
oxidation efficiency under the following conditions: GHSV= 105,000
 
h
-1
, 50 ppb Hg
0
, 5 to 50 ppm 
HCl,  3-5% O2.  Using 3 different loading on TiO2, 2.5% CoOx/TiO2, 7.5% CoOx/TiO2 and 15% 
CoOx/TiO2, the following results were obtained. It was found that the catalysts showed high activity 
between 120 and 330
o 
C
 
with more than 90% oxidised by the 15% CoOx/TiO2 catalyst.  
Liu et al. also investigated the influence of HCl concentration. The addition of 29 ppm HCl to the gas 
stream reported a significant decrease in mercury adsorption. When another 29 ppm HCl was added, 
100% oxidation was achieved. In the same study, the effect of oxygen was investigated. It was 
Iron Oxide Temperature 
(
o
C) 
Hg
0
  
(ppb) 
 
Gas Composition  Hg
o 
Oxidation (%) 
Rod-shaped nano-α-
Fe2O3
[101]
.   
80- 400 37 CO2 (12%),  
O2 (10%)  
H2O vapour (1%) 
7% (70
o
C) to 400
o
C 
(43%) and 300
o
C 
(43%)  
Fe2O3
 [27]
. 180 – 320 18 215 ppm NO2,  90% 
Fe2O3
[66]
 150 60  [O2],= 7%, 
 [CO2]= 12%, 
[H2O]=7%, 
[SO2]=1600 ppm, 
[HCl]= 50 ppm 
60% (at 9 days) 
40% after 83 days) 
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reported that increasing the oxygen from 3 to 5% led to a slight increase in mercury oxidation from 
11% to 80% 
[73, 88]
.  The high mercury oxidation efficiencies obtained with the aforementioned CoOx-
based catalyst were proposed to be due to the Co3O4 being well dispersed Co3O4. Liu et al. also 
proposed that a modified Mars-Maessen mechanism described the process where the Hg
0
 was 
adsorbed on the surface of the catalyst and then reacted with the lattice oxygen to form Hg-O-Cox 
bonds. Liu et al. proposed that HCl which was added to the stream then reacted with the surface 
bound HgO, releasing volatile HgCl2 and H2O. A thermal stability test conducted using the 
aforementioned catalyst over a 72 hour period showed only a small decrease in activity 
[46]
. 
1.5.1.3 Manganese Oxides 
 
There have been a number of studies conducted on the catalytic oxidation of mercury using 
manganese oxides / manganese oxide-based catalysts (a number of these studies have involved the use 
of manganese oxide(s) in combination with other active metal oxides). The significant interest in 
manganese oxide is mostly due to the ability of manganese oxides  to supply oxygen 
[8]
. 
Deshetti et al. investigated catalytic oxidation of mercury using MnOx under the following conditions: 
61 ppb Hg
0
, 10 ppm HCl, 3% O2, 5% CO2, duration= 16 hours, mass of catalyst=0.4 g, flow 
rate= 200 sccm, temperature=150
o
C. Under the aforementioned conditions, 30% oxidation was 
reported 
[102]
. Characterisation of the aforementioned catalyst confirmed the presence of nano-sized 
(20 nm) MnOx particles, where the surface chemistry from XPS reported mixed oxidation states of 
Mn
3+
 and Mn
4+
.  
Li et al. investigated catalytic oxidation of mercury using MnOx loaded on Al2O3 under the following 
conditions, 50 ppb Hg
0
, 20 ppm HCl, GHSV= 44,000 h
-1
, temperature= 150
o
C 
[103]
. The results from 
this study showed that in the presence of HCl or Cl2, the material reported an oxidation efficiency of 
95% 
[103]
. The study also reported that similar oxidation efficiency was obtained when 2 ppm Cl2 was 
added to the stream when compared to 20 ppm of HCl. Additionally, flue gas components such as 
NO, H2O and CO2 were shown to have no significant impact on oxidation activity under the 
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conditions used. The presence of 500 ppm SO2 was shown to have an inhibitory effect, especially in 
the presence of 2 ppm Cl2. Table 1.6 below summarises the research from some of the studies 
conducted using various manganese oxide catalysts.  
Table 1.6 Catalytic oxidation of mercury – studies using Manganese Oxides 
Manganese 
Oxide 
Temperature (
o
C) Hg
0
 Concentration 
(ppb) 
 
Gas Composition  Hg
o 
Oxidation 
(%) 
MnOx
[102] 150 61 10 ppm HCl, 3% O2 and 5% 
CO2 
30 
MnOx-
CeO2
[53] 
200 75 10 ppm HCl, 4% O2, 100 
MnOx- Al2O3 
[103] 
230 20 20 ppm HCl, 2 ppm Cl2 95 
 
1.5.1.4 Nickel Oxides 
 
Nickel oxides have been used in a variety of applications such as water oxidation reactions, 
rechargeable batteries and electrocatalysis, due to a wide band gap ranging between 3.6 to 4 eV 
[49]
. 
To the best of the author’s knowledge, only one previous study has been published in the open 
literature that involved the use of a NiO containing substance for catalysing Hg oxidation. Kamata et 
al. 
[16]
 investigated catalytic oxidation of mercury using NiO/TiO2 under the following conditions: 
flow rate= 1900 cc/min, catalyst weight= 140 mg, reaction temperature= between 250
o
C and 400 °C, 
1.2 ppb Hg
0
, 10 ppm HCl, 160 ppm NO, 160 ppm SO2, 1.6% O2, 8% CO2, and 8% water vapour. 
Kamata et al. found that operating temperature had a significant effect on the oxidation efficiency – at 
250 
o
C the rate of conversion was ~18% whilst at 400
o
C the rate of conversion was ~30%. When a 
gas mixture of NH3/NO  (molar ratio 0.33)  was added to the reactant stream , a significant decrease in 
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Hg
0
 oxidation was observed from 30% to 20%, thus suggesting that the coverage of chlorinated sites 
are reduced. 
1.6 Research Objectives 
 
From the literature available on catalytic oxidation of mercury it can be seen that a number of 
transition metal oxide based catalysts have significant potential for catalysing this reaction, moreover 
as this area of research is relatively new there is significant scope for the discovery of additional 
promising catalysts.  From the research that has been conducted to date it is however difficult to 
compare the performance of the transition metal based oxides that have been studied due to the 
different conditions that have been used to test different catalysts. The main goal of this research 
project is to address the aforementioned issue by investigating catalytic oxidation of mercury using a 
range of transition metal oxides under identical conditions. Specific objectives of this project were as 
follows: 
- To investigate catalytic oxidation of mercury using the following transition metal oxides 
under identical conditions (α- Fe2O3, Fe3O4, CoO, Co3O4, MnO, MnO2, Mn2O3, Mn3O4, Ni2O3, 
Ni3O4, NiO and commercially obtained NiO).    
- To investigate the influence of physical characteristics (surface area, particle size and shape) 
of transition metal oxides on their ability to catalytically oxidise gaseous elemental mercury. 
- Investigate  the influence of temperature on catalytic oxidation of mercury – the temperature 
range selected for study being  50 – 300oC; 
- Investigate the influence of the presence of other gaseous species commonly found in coal-
fired power plants- these species include O2, HCl, NH3. 
- Explore the fate of the mercury that is passed into the catalytic reactor.  
o Determine the amount of mercury that is oxidised and exits the reactor  
o Determine the amount of mercury that adsorbs to the catalyst 
- Investigate the release of mercury that may have adsorbed to the catalyst bed  
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- Conduct extensive post-test characterization of the used catalysts using a range of techniques 
(XRD, TEM, BET and XPS) in order to investigate the effects of mercury oxidation on the 
catalyst material. 
- Investigate the stability / long term activity of the most promising catalysts based on initial 
studies to explore their potential as an industrial-based catalyst. 
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2.1 Materials 
For this study, eleven transition metal oxides were chosen; α-Fe2O3, Fe3O4, CoO, Co3O3, MnO, MnO2, 
Mn2O3, Mn3O4, NiO, Ni2O3 and Ni3O4. Their reagents and methods of preparation are discussed in the 
proceeding sections; 
2.1.1 Chemical Reagents used  
The following chemicals were used as received: ferric nitrate nonahydrate [Fe(NO3)3
.
9H2O] (LR 
grade, Chem-Supply), potassium hydroxide [KOH] (LR grade, Chem-Supply), sodium hydrogen 
carbonate [NaHCO3] (LR grade, BDH chemicals), ferric chloride hexahydrate [FeCl3
.
 6H2O] (LR 
grade, BDH Chemicals), ferric chloride [FeCl3] (LR grade, Chem- Supply), sodium oleate, oleic 
acid [CH3(CH2)7CH=CH(CH2)7COOH] (LR, BDH chemicals), 1-octadecene [CH2=CH(CH2)15CH3] 
(LR grade, Merck), hexane fraction [C6H14] (99 %, Chem Supply), ethanol [CH3CH2OH] (99%, 
Merck), sodium hydroxide [NaOH] (LR, chem supply), cobalt nitrate tryihydrate [Co(NO3)2
.
3H2O] 
(LR, sigma), manganese chloride [MnCl2] (LR grade, sigma), methanol [CH3OH] (99%, Merck), 
acetone [(CH3)CO] (99%, Merck), manganese chloride tetrahydrate [MnCl2
.
4H2O] (LR, sigma), 
potassium permanganate [KMnO4] (LR grade, ajax), nickel nitrate hexahydrate [Ni(NO3)2
.
6H2O] (LR 
grade, sigma), Potassium Chloride [KCl] (LR grade, Chem Supply), Hydrochloric Acid [HCl] (37 %) 
(AR grade, Merck), Nitric Acid [HNO3] (70 %) (AR grade, Merck), Sulphuric Acid [H2SO4] (AR 
grade, Merck), AAS gold standard solution, 1000 ppm (AuCl4 in 1% HNO3) (AR grade, Aldrich), 
AAS mercury solution standard, 1000 ppm (HgCl2 in 1 % HNO3) (AR grade, Aldrich), 
Phenolphthalein indicator solid (BDH chemicals) 
Ultrapure Milli-Q water was used for the preparation of all solutions. 
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2.2 Catalyst Preparation 
The following sections provide the synthesis procedures of eleven transition metal oxide catalysts to 
be tested for the catalytic oxidation of Hg
0
; 
2.2.1 Preparation of Iron Oxide Nanoparticles 
 
Two iron oxides, Hematite (α-Fe2O3), and Magnetite (Fe3O4) were synthesised, where the following 
procedures are described below;  
2.2.1.1 Synthesis of Hematite, α-Fe2O3 
 
Hematite nanoparticles were prepared by transformation of ferrihydrite using a known method 
[1]
. 
Briefly this method involved dissolving Fe(NO3)3
.
9H2O (40 g) in Milli-Q water (500 ml) and heating 
the solution to 90
o
C for 2 hours. Ferrihydrite was then precipitated by adding 1 M KOH (300 ml), 
after which 1 M NaHCO3 (50 ml) was preheated to 90
o
C and added to the brown ferrihydrite mixture. 
The mixture was then heated in an oven at 90
o
C for 48 hours and then cooled to room temperature. 
Thereafter it was placed in a centrifuge to separate the earth red solid and dried under air.  
2.2.1.2 Synthesis of Magnetite, Fe3O4 
Magnetite nanoparticles were prepared using an iron-oleate complex method 
[2]
. Briefly this method 
involved reacting FeCl3
.
6H2O (4 g) with sodium oleate (13 g) in a solvent mixture containing hexane 
(47 ml), ethanol (27 ml) and Milli-Q water (20 ml). The mixture was then heated to 70
o
C for 4 hours. 
The contents were then transferred to a separation funnel and the black organic layer (iron oleate) was 
washed with distilled water. Finally, the iron oleate was transferred and dried under a vacuum oven at 
40
o
C overnight. The iron oleate (8 g) was then dissolved in oleic acid (2 ml) and 1-octadecene (63 
ml). To thermally decompose the iron oleate, the reaction mixture was then purged under nitrogen at 
320
o
C using a shlenk line technique for 30 mins and then left to cool at room temperature. The oleic 
acid was then removed by centrifugation with a mixture of ethanol and hexane several times and 
magnetically decanted. 
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2 .2.2 Preparation of Cobalt Oxide Nanoparticles 
 
The methods used to prepare CoO and Co3O4 were as follows:   
2.2.2.1 Synthesis of Cobalt (ii) Oxide, CoO 
 
CoO was prepared  using a  precipitation method. A black precipitate of CoO was formed by 
dissolving 12 g of Co(NO3)2.3H2O in 5 M NaOH (180 ml) and stirring the solution at room 
temperature for 30 mins. The precipitate was then dried in an oven at 60
o
C and then calcined at 168
o
C 
for 4 hours. 
 
2.2.2.2 Synthesis of Cobalt (ii, iii) Oxide, CoO 
 
Co2O3 was prepared using the same method as that used to prepare CoO, however the resulting solid 
was calcined at 310
o
C for 12 hours and was left to cool at room temperature.  
 
2.2.3. Preparation of Manganese Oxides 
 
Four manganese oxides, MnO, MnO2, Mn2O3 and Mn3O4 were prepared, where the synthesis 
procedures of each are discussed in the following; 
 
2.2.3.1 Synthesis of Manganese Oxide (MnO) nanoparticles 
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MnO, was  prepared as described by Djerdj, et al. 
[3]
. MnCl2 (8 g) and oleic acid (26 ml) were added 
to methanol (200 ml). NaOH (3 g) was dissolved in a second methanol solution (200 ml) and was 
added drop wise to the oleic acid / MnCl2 mixture over one hour. Using a rotary evaporator, the 
methanol was then removed and the remaining product extracted. Thereafter, the product was washed 
with ethanol, Milli-Q water and acetone, resulting in a waxy texture and dried at 150
o
C for 2 hours 
using the Schlenk line technique before adding 1-Octadene (10 g) to the oleate. Thereafter the oleate 
mixture was then further heated to 200
o
C under N2 at a rate of 0.5
o
C/min. Once 200
o
C was reached, 
the heating rate was increased to 1.5
o
C until the mixture reached 318
o
C. The mixture was then left for 
1 hour at 318
 o
C, before being subsequently cooled to room temperature. The final product was then 
centrifuged and collected. 
2 .2.3.2 Synthesis of MnO2 nanoparticles 
MnO2 nanoparticles were prepared by dissolving MnCl2.4H2O (50 g) in Milli-Q water (500 ml) and 
heating the resulting mixture to 70
o
C 
[4]
. 80 g/L KMnO4 was then added to the solution and the 
temperature reduced to 60
o
C. Thereafter it was stirred for 2 hours at room temperature. The mixture 
was then cooled at room temperature filtered and then washed till a pH of 7 was reached and dried for 
16 hours at 125
o
C. 
2 .2.3.3 Synthesis of Manganese (iii) Oxide, Mn2O3 nanoparticles 
Mn2O3 nanoparticles were synthesized from the MnO2 product obtained from the procedure given in 
section 2.2.3.2. The MnO2 was calcined at 800
o
C for 12 hours, where the final product, Mn2O3 was 
reached. 
2.2.3.4 Synthesis of Manganese (ii, iii), Mn3O4, Oxide nanoparticles 
Mn3O4 nanoparticles were synthesized from MnO2 that was prepared using the procedure outlined in 
section 2.2.3.2. MnO2, was calcined at 1,100
o
C for 12 hours, which resulted in the formation of 
Mn3O4. 
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2.2.4 Preparation of Nickel Oxides 
Three nickel oxides, NiO, Ni2O3 and Ni3O3 were prepared using the following synthesis methods; 
2.2.4.1 Synthesis of Nickel (ii) Oxide, NiO, nanoparticles 
NiO nanoparticles were prepared using a precipitation method similar to that used for the preparation 
of cobalt oxide (see section 2.2.2) 
[5] 
. Firstly, Ni(NO3)2
.
6H2O (12 g) was dissolved in Milli-Q water, 
then precipitated with 0.1 M NaOH (200  mL). The precipitate obtained was filtered off and heated at 
750
o
C in a furnace for 24 hours which led to the formation of NiO. 
2.2.4.2 Synthesis of Nickel (iii) Oxide, Ni2O3, nanoparticles 
The black nickel (iii) oxide (Ni2O3) was prepared by dissolving Ni(NO3)2
.
6H2O (12 g) in Milli-Q 
water (60 ml) under magnetic stirring  for 5 min. To precipitate Ni2O3, 0.1 M NaOH (200 ml) was 
added and the mixture was rapidly stirred (at room temperature). The precipitate was then left in the 
mother liquor for 72 hours under constant stirring. After 72 hours, the precipitate was filtered, washed 
with Milli-Q water and dried in an oven at 60
o
C for 24 hours and then calcined at 350
o
C and left to 
cool at room temperature.  
2.2.4.3 Synthesis of Nickel (ii, iii) Oxide, Ni3O4 nanoparticles 
Nickel (ii, iii), Ni3O4, was prepared using the NiO obtained from section 2.2.4.1.Green NiO was 
placed in a tube furnace where it was heated at 710
o
C at a heating rate of 5
o
C/min for a period of 16 
hours and left to cool at room temperature.  
 
2.3 Catalyst Testing System  
A mercury catalyst testing rig system was designed and built which was capable of delivering a 
known concentration of Hg
0
 vapour to a fixed bed reactor in a highly consistent manner over long 
periods of time. A diagram of the developed system is shown in Figure 2.1. The gas flow rates and 
temperature zones of the system were controlled by a custom computer program which allowed 
monitoring and control of gas flow rates by individually addressing four Mass Flow Control (MFC) 
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units (a). Additionally, the computer program was used to automate the timing of each experiment in 
order to reduce human error (b). Temperatures throughout the catalyst rig were maintained by the use 
of heating tapes using proportional-integral-derivative (PID) control devices (c), which individually 
controlled all gas line temperatures and the temperature in the fixed reactor. Required levels of Hg
0
 
vapour were generated using a VICI Metronics Dynacalibration ® (Model No. 150) which housed a 
National Institute of Standards and Technology (NIST) certified Hg permeation tube (d). HCl gas was 
generated  using a custom built generator made of Teflon (e) which housed a small vial of 3 ml 20% 
HCl. All tubing and connectors were either stainless steel or PFA Swagelok tubing. When the system 
required additional gases for specific experiments, cylinders containing the required gas were used (f).  
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Figure 2.1 Diagram of catalyst rig system 
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The gas pressures of the Hg
0
, N2, and additional gas cylinders used (O2/CO2 mix or NH3), were 
monitored using pressure gauges were used (g, h and i), where each outlet of gas could also be vented 
via a back pressure controlled exhaust system. The custom made fixed bed reactor that was used is 
discussed in detail in a later section (j). Gases that exited the reactor during testing were passed 
through the mercury sampling train, which consisted of 7 impingers containing KCl or KMnO4 based 
solutions to capture any oxidised or unconverted elemental mercury (k). The first three impingers 
containing KCl were placed in water jackets attached to a water chiller (l) to reduce volatility, where 
any oxidised Hg is condensed. 
2.3.1 Fixed Bed Reactor 
 
The fixed bed reactor consisted of a ½ inch custom-made 20 cm Pyrex reactor tube with machined 
Teflon plugs that connected to PFA Swagelok tube fittings at the inlet and the outlet of the reactor. 
The reactor was located in a vertical orientation and the gas stream was passed from top to bottom to 
ensure a good gas/solid contact between the stream and the catalyst bed, as well as to minimise 
channelling issues throughout the bed (i.e. gas not passing in contact with the catalyst). The low 
thermal expansion of the reactor allowed higher temperatures between 150
o
C and 300
o
C to be used. A 
slot 1 cm from the centre of the custom-made Pyrex reactor allowed a thermocouple to fit in to 
monitor the temperature of the catalyst bed. The catalyst bed consisted of a 1 cm portion of quartz 
wool sitting on the slot followed by the catalyst material, then another 1 cm portion of quartz wool. 
To measure the temperature of the reactor, a k type thermocouple was placed in an indent close to the 
centre where the catalyst is place, specifically designed to hold a k type thermocouple in, where the 
heat of inside of the reactor where the catalyst is placed is measured at a constant temperature. 
Therefore, the temperature of the middle of the reactor and the outside of the reactor were monitored 
separately. The heat entering the system does not leave the system, where the system is sealed and 
pressure tested and checked for leaks.  
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Figure 2.2 Picture of Pyrex catalyst reactor (left) and catalyst loading setup in reactor (right) 
 
2.3.2 Sample Train (Mercury Speciation Method) and Mercury Analysis 
The use of an impinger sample train for mercury speciation has previously been reported in the 
literature 
[6]
. This procedure for mercury speciation is typically based on  the Ontario Hydro Method 
(OHM), which was proposed by Dr. Keith Curtis of Ontario Hydro, where the development and 
subsequent validation began in 1994 and was officially issued by the American Society for Testing 
and Materials (ASTM) in 1998 
[7, 8]
.   
The mercury trapping method used  in this project used a variation of the OHM which employed a 
train of 7 glass impingers (traps), each connected by Tygon tubing (internal diameter: 5 mm, outer 
diameter: 7 mm, wall thickness: 1mm) and attached to the output of the reactor. The first three 
impingers contained 0.1 M KCl and the remaining four impingers contained 20 mg/L KMnO4 in 2% 
 Quartz wool 
 Quartz wool 
( 
 Catalyst 
Indent in glass for 
placement of 
thermocouple 
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H2SO4. The KCl-based traps were used to capture the oxidised mercury (Hg
2+
) exiting the reactor (the 
two main species containing oxidised Hg that are likely to be generated in catalytic oxidation of 
mercury are HgCl2 which has a solubility in water of 0.74 g/L at 20
o
C and HgO which has a solubility 
of 0.053 g/L at 20
o
C). To enhance the traps ability to capture the Hg
2+
, the first 3 traps were chilled to 
4
o 
C by placing them in to water jacket flasks connected to a water chiller. The KMnO4 based traps 
were used to capture the less soluble elemental mercury (Hg
0
), where the strong oxidising effect of the 
acidified KMnO4 with H2SO4 converts the Hg
0
 to a more soluble form (Hg
2+
). A diagram of the 
mercury sampling train is shown in Figure 2.3; 
 
 
 
 
 
 
 
 
 
Figure 2.3 Mercury Sampling Train 
 
Inductively Coupled Plasma- Mass Spectrometry (ICP-MS) was used to determine the concentration 
of mercury in the impingers, where the samples were conducted as follows; solutions of KCl and 
KMnO4 in the traps were transferred to a volumetric flask, where a drop of qua regia was added to 
help stabilise the mercury in the solution. Thereafter, 100 µL of 1,000 ppm AAS gold solution was 
Gas Flow Direction 
Exhaust 
 
    KMnO
4 
Impingers                            KCl Impingers           
(containing 2% H2SO4) 
Reactor 
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added to the contents of the flask. Following this, the flask was made up to volume with Milli-Q water 
(the chosen volumes of the flasks for the experiments varied depending on the mercury concentrations 
initially confirmed by ICP-MS, where any necessary dilutions to keep within the ICP-MS detection 
limit). Matrix effects due to high KCl concentration and thus affecting the actual concentration of Hg
0
 
in KMnO4 solutions were treated separately, with two sets of standards, each with its respective 
sample matrix container in the flask.  
2.4 Catalyst Testing Procedure  
The testing of catalyst materials for mercury oxidation were conducted as follows unless otherwise 
stated; Approximately 400 mg of transition metal oxide catalyst was placed between quartz wool and 
located in the centre of the Pyrex reactor. In the initial phase of each test, the reactor was heated up to 
150
o
C over 15 min under a continuous 200 sccm flow of N2. Thereafter, the specified mix of reactant 
gases was added to the gas stream containing mercury and exposed to the catalyst chamber for 16 
hours. After the 16 hours had passed the flow rate was reduced to 20 sccm for 5 min to allow for the 
impingers to be collected and replaced with a fresh new set. Thereafter, the used catalyst was flushed 
with N2 for 3 hours – the flushing gas exiting the reactor was then passed through the new set of 
impingers to determine the amount of mercury desorbed form the catalyst.  For the mercury exposed 
catalyst, the catalyst was digested in 2% aqua regia, where 100 µL of 1,000 ppm AAS gold solution 
and made up to volume with Milli-Q water and ran through ICP-MS analysis. 
The stages involved in the testing process are detailed in Table 2.1; 
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Table 2.1 Catalytic Oxidation Testing Process 
Experimental 
Stage 
Reactor 
Temperature 
(
o
C) 
Total 
Flow 
Rate 
(sccm) 
[Hg
0
] [HCl] [O2] [CO2] [N2] Time 
(hours) 
 
1: Hg 
Exposure for 
Catalytic 
Oxidation 
150 200 61 ± 5 
ppb 
10 ppm 3 % 5 % Balance 16 
2: N2 
desorption 
150 200 - - - - 100% 3 
 
2.4.1 Reactant gases 
The gases used in this research project included Hg
0
, N2, HCl, O2, CO2 and NH3. Whilst some of this 
gases/vapour needs to generated, several of them are readily available as specialty gas mixes. The 
following subsections describe how each was obtained.  
2.4.1.1 Hg
0
  
Hg vapour was generated using a permeation tube containing a vial of quicksilver mercury. This 
permeation tube was placed inside a Dynacalibrator (Model No. 150). In all tests Hg vapour was 
generated using the following conditions: 
- Hg generator temperature = 40oC 
- Hg generator inlet flow rate = 50 sccm N2(g) 
In all tests (including calibration runs) the gas that exited the mercury vapour generator was diluted 3 
fold before entering the reactor (the composition of the diluent gas varied based on the test being 
conducted). The amount of Hg
0
 vapour in test streams was determined by passing the gas that exited 
the reactor through a series of seven traps as discussed in section 2.3.1.3 and subsequently analysing 
the amount of mercury captured by the traps.  
An Hg
0
 vapour calibration was performed using the mercury generator for a total of 16 hours. The 
diluent gas used in calibration runs was N2. A detailed description of how Hg vapour calibration tests 
were performed is given in Appendix A1. 
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 2.4.1.2 HCl  
 
HCl vapour was generated as follows: vial of HCl, chamber, temperature, inlet flow. 
A detailed description of how HCl vapour calibration tests were performed is given in Appendix A2. 
2.4.1.3 NH3, CO2 and O2 
 
NH3 that was used in testing was purchased from Core Gas, Australia. A certified specialty gas mixes 
cylinder (size-G) containing 3,400 ppm of NH3 balanced in N2 was use.  
Similarly, a certified specialty gas mixes containing 5% CO2 and 3% O2 balanced in N2 from Core 
Gas, Australia was used for testing containing CO2 and O2 gases. 
2.5 Catalyst Characterisation 
 
The following sections describe the materials characterisation methods used in this research project; 
pre and post catalytic testing 
2.5.1 X-Ray Diffraction (XRD) 
Powder XRD was used as an analytical tool for determining and confirming the identity and chemical 
composition of a crystalline solid. A crystalline solid is made up of unit cells and is given dimensions 
consisting of three angles (α, β and γ) and three axes (h, k, and l) which are commonly known as the 
Miller Indices. The unit cells are regularly repeated throughout the solid material 
[9]
. 
When a voltage is applied to the heating filament of the XRD instrument, electrons are accelerated 
towards the target (commonly made of copper) where X-rays are produced and aimed onto a finely 
ground solid (Figure 2.4). A diffracted ray is produced from the interaction of the X-rays with the 
crystalline sample and is associated with the Bragg equation 
[10]
: 
 
                                                       nλ=2dhklSinθ                                           (2.3) 
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Where, n is the integer of reflection, λ, is the wavelength, d is the space between the crystal lattice 
planes and θ is the angel of incident beam (Bragg angle). To satisfy Bragg’s Law, θ must change as d 
changes (i.e. θ increases as d decreases) [10]. 
 
 
  
Figure 2.4 XRD incident beam on powder sample 
 
Powder XRD was performed using a Bruker AXS D8 Advance Wide Angle X-Ray Diffraction 
Instrument with a CuKα source (1.54 Å) and analysed in couple mode. During analysis, the samples 
were scanned from 10
o
C to 90
o
, with a speed of 5
o
/min. The XRD spectra were analysed using EVA 
software along with a PCDPFD library with their corresponding miller indices identifies and compare 
using IICD files converted by XCH v1.0. 
2.5.2 Transmission Electron Microscope (TEM) 
Transmission Electron Microscopy (TEM) is an electron microscopy technique used when the 
visualisation of an ultra-fine solid material with particle dimensions in the sub 200nm region is 
required  
[11]
. TEM analysis is useful for determining the size, morphology, crystallographic 
orientation and uniformity of the synthesised material. It employs a high energy electron beam that is 
transmitted through a very thin sample-loaded film (typically copper mesh or carbon film). Briefly, 
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the transmitted electrons are detected by a digital detector situated beneath the sample. The electrons 
originate from a voltage source between 100-200 kV and accelerates an electron beam 
[12]
. Some 
electrons are scattered and disappear from the electron beam depending on the density of the 
specimen used. Unscattered electrons hit a phosphorescent plate at the bottom of the microscope 
column, where a low resolution “shadow image” produced of the specimen displaying different parts 
in different darkness according to the materials density. The image generated is then either 
photographed using film, or more commonly projected onto a charge coupled device (CCD) camera 
attached to a PC. A graphical representation of the TEM incident beam is shown in Figure 2.5.  
 
 
 
Figure 2.5 TEM incident beam diagram 
 
High Resolution (HRTEM) images were obtained using a high resolution (200 kV) JEOL 2010 
Transmission Electron Microscope at 200 kV with CCD imaging was conducted, where the particle 
size distribution was analysed by image j and plotted in Origin software. 
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2.5.3 Brunauer Emmett Teller (BET) Surface Area Analysis 
BET Surface area analysis is a characterisation technique used to determine the surface area and the 
porosity of a material 
[13]
. Based on the Langmuir theory of monolayer molecular adsorption, BET 
theory describes the changes in pressure during nitrogen multilayer adsorption of inert molecules onto 
a surface, therefore the amount of gas adsorbed at a given pressure allows the surface area to be 
determined. The surface area (m
2
/g) is determined using external area and pore area calculation using 
the following equation; 
 
  [(
  
 
)  ]
 
   
   
(
 
  
)   
 
   
      (2.4) 
Where  P is the  Partial vapour pressure of adsorbate gas in equilibrium with the surface at 77.4 K 
(b.p. of liquid nitrogen), in pascals, Po is saturated pressure of adsorbate gas, in pascals, V  volume of 
gas adsorbed at standard temperature and pressure (STP), Vm is the volume of gas adsorbed at STP to 
produce an apparent monolayer on the sample surface, in mL, and C is the BET constant, related to 
the enthalpy of adsorption of the adsorbate gas on the powder sample 
[14, 15]
.  
Data obtained from the BET instrument include surface area, providing information on the number of 
active sites in the nanomaterials. 
 
2.5.4 X-ray Photoelectron Spectroscopy (XPS) 
XPS is a surface analysis technique, where the surface composition, electronic and chemical state of a 
material can be determined. It uses a special form of photoemission where the electron is ejected from 
a core level by an X-ray photon of energy, denoted as hv, of the material being characterised. The 
process of photoemission is shown in Figure 2.6, where an electron from the K shell is ejected from 
the atom (a 1s photoelectron). 
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Figure 2.6 XPS energy level diagram 
 
Depending on the amount of photon energy, the spectrometer measures the amount of kinetic energy 
(Ek). Thereafter, the binding energy of the electron (EB) is the factor which identifies the electron 
specifically as well as the atomic energy level. The relationship between the parameters involved in 
the XPS experiment is: 
EB
 
= hv – EK – W            (2.5) 
Where hv is the photon energy, Ek is the kinetic energy of the electron, and W is the spectrometer 
work function. 
An electron spectrometer and data determines the energy of the photoelectrons emitted, plotting a 
graph of binding energy vs intensity. The binding energy or the photoelectrons ejected are 
characteristic of particular elements present and identified in the material. Further to this, the minor 
variations in binding energy allows for the identification of the oxidation state and the surface and 
structural effects of the material. 
XPS analysis was performed using a Thermo Scientific K Alpha XPS Instrument. The X-ray source 
used was an Al Kα (1486 + eV) with a constant analyser pass energy of 150 eV with a spot size of 55 
µm. 50 sweeps at scan rates of 50 s were completed for each element. The sample was loaded on a 
custom built Teflon holder and then placed on the instrument sample holder and levelled at a desired 
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height for XPS analysis. A low energy flood gun was used to remove the charge build up on the 
sample surface. The binding energies were calibrated by fixing the C 1s binding peak to 284.6 eV. 
The reference book of standard spectra and various journal articles were used for identification and 
interpretation of XPS data 
[16]
, where the XPS data from spectra were integrated using AVANTAGE 
XPS Software, and then plotted using Origin graphing software. 
2.6 Chemical Composition Analysis 
 
2.6.1 Inductively Coupled Plasma- Mass Spectrometry (ICP-MS) 
Inductively Couple Plasma Mass Spectrometry (ICP-MS) is an analytical technique used to determine 
the concentration of metals in solution. , From the mass-to-charge ratio obtained by MS and the 
presence of internal standard, the concentration of the metal in the sample can be determined. ICP-MS 
analysis was used for the determination of mercury in impinger solutions generated during calibration 
and testing. In the ICP-MS, the solution being analysed enters the sample introduction system, which 
consists of a peristaltic pump, nebuliser and spray chamber. The sample is then passed through the 
plasma where the molecules in the solution are atomised and then ionised. The plasma is then passed 
to a high vacuum mass spectrometer via a set of ion lens and cones. The inverted cones, (i) sampler 
cone ( next to the plasma) and (ii) skimmer cone (behind the sampler cone) in the interface region 
allow the ions to pass through,  where the ions are sorted by their mass-to-charge ratio (m/z) from the 
quadrupole and detected. Several interferences can occur with ICP-MS, in particular ‘Space Charge 
Effects’, which occurs behind the skimmer cone, where the ions of lighter density are lost when ions 
of higher density interact in the ion beam. Therefore, two sample matrixes were made to reduce 
interferences from salt solution from high concentration KCl. Hence, separated calibration standards 
of KCl and KMnO4 were made and tested along with their respective samples to ensure the same 
sample matrix was achieved. The internal standard used for this study was Terbium. 
ICP-MS was performed using an Agilent 7700 series ICP-MS Trace analyser and data treatment using 
Microsoft Excel. 
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 Chapter 3  
 
Screening of Transition Metal oxides 
for Mercury Oxidation 
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3.1 Introduction 
 
As mentioned earlier materials that have been studied to date as potential catalysts for mercury oxidation 
are mostly consisted of supported and non-supported transition metal oxides, including α- Fe2O3, CuO, 
CoO, MnOx, NiO , CeO2, Cu2O, CuCO4/Al2O3, Cr2O3, MoO3, TiO2, Co3O4,/TiO2, CeO2/TiO2 
[1-6]
. 
Promising results in terms of Hg
0
 removal from gas streams via adsorption for the aforementioned 
transition metal oxides has also been reported [1, 3, 7, 15-18, 21]. 
Of the various studies conducted on iron oxide based catalysts, the most promising results reported, as 
mentioned earlier, were obtained using α- Fe2O3 under the following conditions: 250
o
C, 215 ppm NO2, 
18 ppb Hg
0
 at a temperature of 260
o
C, and residence time of 0.25s where 90% oxidation was observed. Of 
the many other transition metal oxide based catalysts that have been investigated the most promising 
results that have been reported were for CoOx/TiO2 and MnOx. Hargrove et al. studied Fe2O3 on a 
laboratory scale, where less than 50% Hg
0
 oxidation occurred under the following conditions: reaction 
temperature of 150
o
C, duration: 2,000 hours, 60 ppb Hg
0
,  7% O2, 12% CO2, 7% water vapour, 1600 ppm 
SO2, 50 ppm HCl, flow rate= 1L/min 
[7]
. Injection of the same catalyst into a pilot plant led to an Hg
0
 
oxidation efficiency between 10% and 60%. Deshetti et al. investigated the catalytic oxidation of Hg
0
 
using MnOx /CeO2 under the following conditions: 61 ppb Hg
0
, 10 ppm HCl, 3% O2, 5% CO2, duration= 
16 hours, mass of catalyst= 0.4 g, flow rate= 0.2 L/min, and reaction temperature= 150
o
C 
[8]
. Under the 
aforementioned conditions, 30% oxidation was reported 
[8] 
.  
As can be seen from the aforementioned studies (and a number of other studies which were discussed 
earlier in section 1.5.4.1) the majority of the studies that have been conducted on catalytic oxidation of Hg 
to date have been done under varying reaction conditions (temperature, GHSV, stream composition). This 
use of different reaction conditions makes it very difficult to determine the true differences in activity of 
the materials that have been tested, and hence also to accurately determine the promise of a material. 
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Moreover, the performance of the materials reported in the literature often consider the materials ability to 
both catalyse and adsorb mercury together, hence their actual catalytic performance is not always given. 
In this chapter  catalytic oxidation of gaseous Hg
0
 was investigated using a range of transition metal 
oxides (α-Fe2O3, Fe3O4, CoO, Co3O4, MnO, MnO2, Mn2O3, Mn3O4, NiO, Ni2O3 and Ni3O4) – each of the 
aforementioned materials were tested separately under identical conditions in order to get a greater 
understanding of their comparative ability to catalytically oxidise gaseous Hg
0
. Catalytic tests were 
conducted under an operating temperature of 150
o
C in the presence of HCl (10 ppm), CO2 (5%), O2 (3%) 
and balanced N2 via a specially designed catalysis rig to investigate the influence of the aforementioned 
species on catalytic oxidation of Hg
0
. The catalysts were evaluated based on the extent of conversion of 
Hg
0
 to gaseous Hg
2+
 (most likely in the form of HgCl2 or HgO), whilst the amount of inlet Hg adsorbed to 
the catalysts was also determined and investigated in terms of its stability.  
 3.2 Experimental 
 
3.2.1 Materials 
 
For the list of chemicals used in catalyst preparation, please refer to section 2.1. 
The catalysts used in this study were prepared using the methods described in Section 2.2. 
 
3.2.2 Methods 
 
The catalysts were tested under the methods described in section 2.3. 
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3.2.2.1 Characterisation and Analytical Techniques 
 
The metal oxides used to conduct the research presented in this chapter were characterized using XRD, 
TEM, BET and XPS (characterisation was conducted both pre and post Hg
0
 treatment).  Details of the 
aforementioned techniques and procedures used are given in chapter 2. 
Hg in the traps from catalyst testing was analysed using the procedure outlined in 2.3.1.3   
 
3.2.2.2 Catalyst testing 
 
The catalysts were tested using the procedure described in section 2.3 
3.3 Results and Discussion 
 
3.3.1 Characterisation of Transition Metal Oxide Catalysts (Catalyst Testing) 
 
3.3.1.1 XRD 
 
Figures 3.1, 3.2, 3.3, and 3.4 show the XRD patterns obtained for the prepared metal oxides. All phases of 
the catalysts were confirmed using a spectral database with details described in chapter 2. For the 
prepared iron oxides, crystal phases of rhombohedral and cubic were confirmed for α-Fe2O3 and Fe3O4 
respectively. For the cobalt oxides that were prepared, CoO and Co3O4, the XRD patterns obtained for 
each of these confirmed that these were the only phases present (with each Co oxide having a cubic 
structure). For the manganese oxides that were prepared the XRD patterns obtained confirmed preparation 
of the expected phases (MnO (cubic), MnO2 (orthorhombic), Mn2O3 (cubic) and Mn3O4 (tetragonal)). For 
the nickel oxides that were prepared the XRD patterns obtained confirmed preparation of the expected 
phases (NiO (fcc), Ni2O3 (hexagonal) and Ni3O4 (spinel). 
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Figure 3.1 XRD Patterns of Prepared Iron Oxides  
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 Figure 3.2 XRD Patterns of Prepared Cobalt Oxides 
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Figure 3.3 XRD Patterns of Prepared Manganese Oxides 
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Figure 3.4 XRD Patterns of Prepared Nickel Oxides 
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3.3.1.2 Transmission Electron Microscopy 
 
Images obtained of the prepared metal oxides using TEM analysis are shown in Figure 3.5. The phases of 
Iron Oxide (Fe2O3, Fe3O4) exhibited different morphologies, with hematite presenting mostly as  spherical 
particles with an average particle size diameter of ~30 nm (Figure 3.5a), whilst the magnetite has mostly  
cubic morphology  with a higher average particle size of ~40 nm (Figure 3.5b). Similar cubic 
morphologies and average particle size (~30 nm) were observed for the prepared cobalt oxides (see 
Figures 3.5c and 3.5d). For the manganese oxides, similar average particle size (30 - 40 nm) was obtained 
for all the manganese oxides that were prepared (Figures 3.5 e, f g and h). The different nickel oxides that 
were prepared (NiO, Ni2O3 and Ni3O4) all had similar cubic morphology, with a cubic morphology, with 
sizes of approximately 20 to 30 nm for all Nickel oxide catalysts. 
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Figure 3.5. TEM images of (a) α-Fe2O3, (b) Fe3O4, (c) CoO, (d) Co3O4, (e) MnO, (f) MnO2, (g) Mn2O3, 
(h) Mn3O4, (i) NiO, (j) Ni2O3 and (k) Ni3O4. 
 
  
71 
 
3.3.1.3 BET 
 
BET surface areas of the prepared nano metal oxides were determined and are shown in Table 3.1. For the 
iron oxides, magnetite has a higher BET surface area of 87 m
2
/g, larger than the hematite with a reported 
surface area of 34 m
2
/g. BET surface areas of 127 m
2
/g for CoO and 56 m
2
/g for Co3O4 were significantly 
different, with CoO having the highest reported surface area for all the materials studied. The BET 
surface areas of the manganese oxides were determined are 20 m
2
/g (MnO), 70 m
2
/g (MnO2), 80 m
2
/g 
(Mn2O3) and 82 m
2
/g (Mn3O4).  BET analysis of the nickel oxides gave reported surface areas of 85 m
2
/g 
(NiO), 64 m
2
/g (Ni2O3) and 27 m
2
/g (Ni3O4).  
 
Table 3.1 BET Surface Area and Pore Diameter of Metal Oxides 
 
Metal Oxide Phase BET Surface 
Area (m
2
/g) 
Pore Diameter 
(nm) 
Iron α-Fe2O3 34 1.4 
 Fe3O4 87 1.6 
Cobalt CoO 127 1.7 
 Co3O4 56 1.7 
Manganese MnO 20 6.2 
 MnO2 70 9.8 
 Mn2O3 82 1.5 
 Mn3O4 85 1.2 
Nickel NiO 85 1 
 Ni2O3 64 2 
 Ni3O4 27 2 
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3.3.2 Catalytic Performance  
 
The ability of the prepared transition metal oxides (α-Fe2O3, Fe3O4, CoO, Co3O4, MnO, MnO2, Mn2O3, 
Mn3O4, NiO, Ni2O3 and Ni3O4) to catalyse Hg oxidation was investigated using the experimental set up 
described in Chapter 2, section 2.3. The results obtained for the different transition metal oxides tested are 
presented in Figures 3.6 – 3.9. The amount of oxidised Hg (Hg2+) given in Figures 3.6 – 3.9 is the amount 
of oxidised mercury that exited the reactor and was trapped in the impingers during the test period. Any 
mercury that was oxidized and was retained on the catalyst during the testing period is not included in the 
amount of oxidized mercury reported in Figure 3.6. Any oxidised mercury that was adsorbed to the 
catalyst is included in the amounts of adsorbed mercury, Hg(ads) given. Of the transition metal oxide 
catalysts tested the results obtained (in terms of amount of oxidised mercury that was trapped from the 
exit stream during the test period) varied significantly. The most active catalysts with respect to 
generation of gaseous oxidised mercury were the NiO and Mn3O4 materials. The most active NiO 
catalysed approximately ~60 µg of Hg (out of the ~61 µg that was passed through the reactor during the 
test period) to Hg
2+
 under the test conditions used, which equates to approximately 98% of the mercury 
that was passed through the reactor. For the Mn3O4, 50 µg of Hg was catalysed, which resulted in an 
oxidation efficiency of approximately 82%. Of the other metal oxides investigated, the Mn2O3, Ni2O3, 
Ni3O4, and Fe2O3 displayed the next highest activity with each of these materials catalysing 
approximately 20 µg of the Hg
0
 passed through the reactor to a gaseous species containing Hg
2+
 (which 
equates to oxidation of ~30% of the Hg
0
 that entered the reactor). The other metal oxides that were tested: 
Fe3O4, CoO, Co3O4, MnO and MnO2, all displayed very low activity (<20 µg of the Hg
0
 passed through 
the reactor was converted to a gaseous species containing Hg
2+
). The materials that exhibited very low 
catalytic activity also adsorbed (retained) the highest amounts of mercury (with the exception of MnO2). 
The aforementioned high retention of adsorbed mercury may have contributed to the low catalytic 
oxidation activity of these materials. As mentioned earlier the type of mercury adsorbed was not able to 
be determined however it is possible that the mercury adsorbed on these materials may have been 
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comprised of significant amounts of oxidised mercury containing species such as HgCl2 and HgO. 
Moreover, these species may not have readily desorbed from the surfaces of the materials that displayed 
high Hg adsorption and this in turn may have led to decreased levels of activity for these materials as this 
would most likely have a negative effect on the number of available active sites. The results that were 
obtained for the MnO2 catalyst are interesting with respect to this material being the only material that 
exhibited both low activity and reasonably low adsorption (retention) with a significant amount of the 
mercury that was passed over this catalyst exiting the stream in the form of elemental mercury. The most 
significant difference between this material and the other Mn oxides tested (MnO, Mn2O3 and Mn3O4) is 
this was the only material which contained Mn in a 4+ oxidation state (moreover this was the only 
material out of all the transition oxides tested that contained a metallic element with a 4+ oxidation state).    
 
 
 
Figure 3.6. Amount of mercury converted to gaseous species containing mercury converted to oxidised 
form, Hg
2+
, adsorbed to catalyst Hg(ads), and unchanged Hg (exited reactor as Hg
0 
). Test conditions: (total 
Hg passed through reactor 61 ± 5 µg, duration: 22 hours, flow rate: 200 sccm, temperature: 150
o
C) 
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Figure 3.7. Amount of mercury converted to gaseous species containing mercury converted to oxidised 
form, Hg
2+
, adsorbed to catalyst Hg(ads), and unchanged Hg (exited reactor as Hg
0 
). Test conditions: (total 
Hg passed through reactor 61 ± 5 µg, duration: 22 hours, flow rate: 200 sccm, temperature: 150
o
C) 
 
 
 
 
 
 
 
Figure 3.8. Amount of mercury converted to gaseous species containing mercury converted to oxidised 
form, Hg
2+
, adsorbed to catalyst Hg(ads), and unchanged Hg (exited reactor as Hg
0 
). Test conditions: (total 
Hg passed through reactor 61 ± 5 µg, duration: 22 hours, flow rate: 200 sccm, temperature: 150
o
C) 
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Figure 3.9 Amount of mercury; converted to gaseous species containing mercury converted to oxidised 
form, Hg
2+
, adsorbed to catalyst Hg(ads), and unchanged Hg (exited reactor as Hg
0 
). Test conditions: (total 
Hg passed through reactor 61 ± 5 µg, duration: 22 hours, flow rate: 200 sccm, temperature: 150
o
C) 
 
The removal (desorption) of the Hg that adsorbed to several of the materials studied during testing was 
investigated immediately following the conclusion of each experiment. This involved flushing the reactor 
with 200 sccm dry N2 for 2 hours at 150
o
C followed by 1 hour at 20
o
C. The results from the 
aforementioned investigations are given in Table 3.2. The table provides information on the amount of 
oxidised and elemental Hg caught in the trapping solutions when the materials were exposed to N2 
(flushing). From the results given in Table 3.2, it can be seen that negligible Hg
0
 was desorbed off the 
different catalysts under the flushing conditions used. Significant amounts of Hg
2+
 containing species 
were however desorbed from Fe2O3, CoO, and Mn2O3, whilst lower amounts were desorbed from Fe3O4, 
Co3O4, MnO, MnO2, Mn3O4, NiO, Ni2O3 and Ni3O4. From these results, there is no clear relationship 
between the amount of adsorbed mercury and the amount of mercury desorbed from the catalyst after 
flushing. The results however, indicate that the desorption of Hg
2+
 maybe be slower for certain materials. 
To the best of the author’s knowledge, the following aspect of catalytic oxidation of Hg0 has not been 
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investigated in previous studies. Hence, this is the first report of Hg
2+
 being retained on metal oxides 
during catalytic testing.  
No further studies were conducted on desorption as the main focus of this chapter was to investigate the 
activity of the prepared materials.   
 
Table 3.2 Hg Adsorption Data for Screening and N2 Desorption Testing 
Catalyst Hg(ads) during 
catalyst  testing 
(µg) 
Hg(desorbed)  from N2 flush (µg)  Total Hg(desorbed)  
from N2 flush (µg) Hg
2+ 
Hg
0 
α-Fe2O3 30 6 0 6 
Fe3O4 53 0 0 0 
CoO 57 6 0 6 
Co3O4 60 1 0 1 
MnO 50 0 0 0 
MnO2 25 1 0 1 
Mn2O3 29 7 0 7 
Mn3O4 12 2 1 3 
NiO 0 0 0 0 
Ni2O3 39 3 0 3 
Ni3O4 25 3 0 3 
Conditions: 200 sccm, N2, 2 hours, Temperature: 150
o
C  
3.3.3 Characterization of used catalysts  
 
XPS and BET surface area analysis were conducted on the materials after they had been used in the 
catalytic tests to investigate any potential changes in composition, structure or phase that may have 
occurred under the testing conditions used (Note: the aforementioned analyses were conducted on the 
materials after they had been subjected to the Hg desorption process (N2 flushing) discussed in the 
previous section).   
 
 XPS results obtained pre and post testing for each metal oxide are shown in Figures 3.10 to 3.20, with 
their literature values stated on the XPS spectra. From these results, it is seen that no significant change in 
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the surface species’ of the catalysts occurred under the following reaction conditions used (150oC under 
HCl, N2, O2, CO2 and Hg
0
).  
 
 
  
Figure 3.10: XPS of α-Fe2O3 ((a) Fe 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
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Figure 3.11: XPS of Fe3O4 ((a) Fe 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
 
 
 
 
Figure 3.12: XPS of CoO ((a) Co 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
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Figure 3.13: XPS of Co2O3 ((a) Co 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
 
 
   
 
Figure 3.14: XPS of MnO ((a) Mn 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
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Figure 3.15: XPS of MnO2 ((a) Mn 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
 
 
 
 
Figure 3.16: XPS of Mn2O3 ((a) Mn 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
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Figure 3.17: XPS of Mn3O4 ((a) Mn 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
 
 
 
 
Figure 3.18: XPS of NiO ((a) Ni 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
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Figure 3.19: XPS of Ni2O3 ((a) Ni 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top)  
 
 
 
 
Figure 3.20: XPS of Ni2O3 ((a) Ni 2p, b) O1 s); Fresh catalyst (bottom) and Used catalyst (top) 
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BET surface area analysis of the used catalysts showed that there was no significant change in the surface 
area of the metal oxides after being exposed to the test conditions used (Table 3.3). 
 
Table 3.3 BET Surface Area of Metal Oxides pre and post testing. 
Metal Oxide Phase BET Surface Area (m
2
/g) 
Pre-
 
testing
 
Post-
 
testing
 
Iron α-Fe2O3 34 33 
 Fe3O4 87 85 
Cobalt CoO 127 127 
 Co3O4 56 56 
Manganese MnO 20 17 
 MnO2 70 68 
 Mn2O3 82 81 
 Mn3O4 85 85 
Nickel NiO 85 83 
 Ni2O3 64 64 
 Ni3O4 27 24 
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3.4 Conclusions  
 
- The catalytic activity rankings of each transition metal oxides were as follows; NiO>Mn3O4> 
Mn2O3, Ni3O4, α-Fe2O3, Ni2O3, MnO2, Fe3O4, CoO, MnO and Co3O4. 
- Significant amounts of Hg2+ containing species were however desorbed from Fe2O3, CoO, and 
Mn2O3, whilst lower amounts were desorbed from Fe3O4, Co3O4, MnO, MnO2, Mn3O4, NiO, 
Ni2O3 and Ni3O4. From these results, there is no clear relationship between the amount of 
adsorbed mercury and the amount of mercury desorbed from the catalyst after flushing. The 
results however, indicate that the desorption of Hg
2+
 maybe be slower for certain materials. 
- Post testing characterisation of each metal oxides showed no significant change in the surface 
species and BET surface areas  
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Chapter 4 
 
Manganese Oxides: Catalytic Studies 
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4.1 Introduction 
In chapter 3, several transition metal oxides were screened for their ability to catalyse elemental mercury 
oxidation at a reaction temperature of 150
o
C. In this chapter, the highest performing manganese oxide 
catalysts, Mn2O3 and Mn3O4 were investigated further. This involved investigating the effects of 
temperature and the presence of the following species; HCl, O2 and NH3 on mercury oxidation. The 
aforementioned factors were investigated as they have previously been reported to have a significant 
influence on the catalytic oxidation of Hg
0
 (refer to Chapter 1, section 1.5.1.3).  
As mentioned earlier in Chapter 1 there have been previous reports on the use of manganese oxide based 
materials as catalysts for mercury oxidation. Jampaiah et al. performed studies using a nanostructured 
MnOx catalyst where they investigated the effects of flue gas composition and temperature over a 16 hour 
period using a residence time of 0.000101 secs 
[1]
 .  Jampaiah et al. reported a higher mercury oxidation 
efficiency was obtained when HCl (10 ppm) was added to the stream (other conditions used in the 
aforementioned tests were as follows: temperature= 150 
o
C, [Hg
0
]= 61 µg, duration= 16 hours. From their 
studies on the influence of temperature Jampaiah et al. reported that temperature had a significant 
influence on mercury oxidation. They reported that the conversion of Hg
0
 increased from 11.7 to 80% 
when the temperature was increased from 150 to 250 
o
C. 
[1]
. Li et al investigated a MnOx-CeO2 catalyst 
for Hg
0
 oxidation. Under a GHSV of 120, 000 h
-1
 and a flow rate of 1 L/min, the catalyst was tested under 
a flue gas mixture containing 10 ppm HCl, 4 % O2, and 75 µg/m
3  
Hg at 200
o
C for 270 min. Li et al. 
reported a mercury oxidation efficiency of 100 % under the aforementioned conditions 
[2] 
.  
As mentioned earlier this chapter involves studies on the influence of temperature and the presence of 
HCl, O2, CO2 and NH3 on the catalytic oxidation of elemental mercury using Mn2O3 and Mn3O4. The 
influence of temperature was studied over the following range (50 to 300
o
C). The influence of HCl was 
also studied over the following concentration range: 5 to 20 ppm. Studies were also conducted on the 
chemical and physical properties of the catalysts after use.    
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4.2 Experimental 
 
Details of the preparation of the materials used in this chapter are given  in section 2.1.4. 
 
4.2.1 Catalyst Testing 
 
The catalyst testing procedure used to investigate the influence of temperature and different flue gases 
(O2/CO2, HCl and NH3) was the same as that outlined in section 2.3 unless otherwise as stated below:  
NH3 was added to the stream as follows: A cylinder containing 3838 ppm NH3 (balance N2) obtained 
from Coregas was used to add NH3 to the test stream at the concentration required.  
The method used for mercury analysis for the tests conducted in this chapter is given in section 2.3. 
For each test, the catalytic efficiency was determined using the following equation; 
 
           
              
             (4.1) 
 
Where Hg
2+
 represents the amount of mercury that was captured by the first two traps in the 
sampling train – the traps which are most likely to capture oxidized mercury (refer to section 
2.3.2). 
 
4.2.2 Characterisation methods  
 
The methods used to investigate the characteristics of used catalysts in this chapter (XRD, XPS, BET and 
TEM) have been previously described in Chapter 2. 
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4.3 Results and Discussion 
 
4.3.1 Characterisation of Mn2O3 and Mn3O4  
 
Characterisation data for the catalysts investigated in this chapter is given in Chapter 3, section 3.5.1 
 
4.3.2 Catalytic Oxidation of Mercury Using Mn2O3 and Mn3O4 Catalysts - Effect of Temperature, 
HCl, O2 and NH3. 
 
The fate of elemental mercury vapor when passed over Mn2O3 and Mn3O4 was investigated under 
different reaction temperatures (50-300
o
C) under various flue gas conditions (in the presence and absence 
of HCl, O2 and CO2, and NH3 – NOTE: The influence of O2 and CO2 was not studied separately. For ease 
of discussion, the influence of temperature only is discussed in the following section, which is then 
followed by a discussion of the influence of HCl, O2 and CO2, and NH3.   
4.3.2.1 Influence of temperature  
 
Hg
0 
only stream:  The influence of temperature on catalytic oxidation of mercury using a stream that 
contained only Hg
0
 (with N2 for balance) is shown in Figure 4.1. It can be seen from these results that no 
significant oxidation of mercury 
1
 occurred at temperatures at 200
o
C or lower. At 250 
o
C and higher a 
very low amount of mercury oxidation occurred (2% or less).  
 
                                                          
1
 Mercury oxidation refers to the amount of oxidized mercury captured from the gas phase and not from the catalyst 
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Figure 4.1. % Hg
0
 oxidation versus temperature using Mn2O3  and  Mn3O4 in a Hg
0
 only stream. 
Residence time: 0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
] = 319 ± 26 µg/m
3
, balance N2 
 
Hg
0
/HCl stream:  The influence of temperature on catalytic oxidation of mercury using a stream that 
contained Hg
0
 and HCl (with N2 for balance) is shown in Figure 4.2. It can be seen from Figure 4.2 that 
no oxidation of Hg
0
 occurred at 50
o
C when 10 ppm HCl was present in the stream for both catalysts. At 
100 
o
C however significant mercury oxidation occurred (~11%). A further increase in temperature to 
150
o
C led to a significant increase in mercury oxidation to 70 and 75 % for the Mn2O3 and Mn3O4 
catalysts. Between 150
o
C and 250
o
C, the extent of the increase over this range, was significantly less than 
that observed when the temperature was raised from 100
o
C to 150
o
C. Increasing the reaction temperature 
from 250 to 300
o
C did not lead to any significant increase in oxidation. The highest oxidation was 
obtained with both catalysts at 250 
o
C (93 % for Mn2O3 and 94 % for Mn3O4).  
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Figure 4.2. % Hg
0
 oxidation versus temperature using Mn2O3 and Mn3O4  under Hg
0
/HCl Residence 
time: 0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [HCl] = 10 ppm 
 
Hg
0
/O2/CO2: The influence of temperature on catalytic oxidation of mercury using a stream that 
contained Hg
0
 and O2/CO2 with N2 balance is shown in Figure 4.3. No significant oxidation (>2%) 
occurred at 50
o
C and 100
o
C for both catalysts. A significant increase in oxidation occurred when a 
reaction temperature of 150
o
C was used with oxidation efficiencies reaching 55
o
C and 60 % for Mn2O3 
and Mn3O4 respectively. Between 150 and 300
o
C, the extent of oxidation was seen to increase moderately 
for both Mn2O3 and Mn3O4. The highest mercury oxidation achieved in this study was seen at 300
o
C, 
reporting 78% and 80% for Mn2O3 and Mn3O4 respectively. 
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Figure 4.3. % Hg
0
 oxidation versus temperature using Mn2O3 and Mn3O4 under O2/CO2 mix. 
 
Residence time: 0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 
5  %,[O2] = 3% 
 
Hg/HCl/O2/CO2: The influence of temperature on catalytic oxidation of mercury using a stream that 
contained HCl and O2/CO2 is shown in Figure 4.4. The trends observed in the aforementioned tests are 
very similar to those observed for tests conducted using the Hg
0
 and HCl stream. Significant activity 
started to be seen at 100
o
C, with reported efficiencies of 11% for both catalysts. When the temperature 
was increased to 150
o
C, significant mercury oxidation was observed for both catalysts with Hg
0
 oxidation 
of 72 % and 78 % for Mn2O3 and Mn3O4. Beyond 150
o
C, there was a moderate increase in mercury 
oxidation, where at 300
o
C, the highest mercury oxidation was seen for this study, and reporting 93 and 94 
% mercury oxidation for Mn2O3 and Mn3O4. 
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Figure 4.4. % Hg
0
 oxidation versus temperature using Mn2O3 and Mn3O4  under HCl and O2
/
CO2 
Residence time: 0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
,  
[CO2] = 5 %, [O2] = 3%, [HCl] = 10 ppm 
 
4.3.2.2 Influence of HCl, O2 / CO2 and NH3. 
 
The influence of gaseous species commonly found in coal fired power plant flue gases were investigated 
at a reaction temperature of 150
o
C. The results of the effects HCl, O2/CO2 and NH3 on catalytic oxidation 
of mercury were as follows;  
Influence of HCl:   
The results obtained on the influence of HCl on catalytic oxidation of Hg
0
 over the Mn2O3 and Mn3O4 
catalysts are shown in Figures 4.5 and 4.6. For the tests conducted using Mn2O3 it can be seen that HCl 
clearly has a significant influence on catalytic oxidation of mercury using this material. For the system 
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containing HCl significant mercury oxidation occurred at temperatures of 100 
o 
C and higher, whilst no 
significant mercury oxidation was observed at these temperatures in the system containing no HCl.  As 
discussed earlier HCl (or species produced from HCl) can influence catalytic oxidation of Hg
0
 via 
different processes. As the conditions used in the studies conducted in this section involved only the 
presence of Hg
0
 and HCl in the stream (with N2 as a carrier gas) the most likely reactions involving HCl 
(or species produced from HCl) that occurred in the presence of the Mn2O3 were as follows; 
[3, 4] 
Pathway one:   Hg
0
(g) + 2HCl(g)
 → HgCl2(g) + H2(g)    (4.2)
 [3, 4]
 
Pathway two:   Hg(g) + HCl(g) → HgCl(s.g)     (4.3) 
[3, 4]
 
   HgCl(s.g) + HCl → HgCl2(s.g)     (4.4) 
[3, 4]
 
The influence of HCl on catalytic oxidation of Hg over the Mn3O4 catalyst showed similar trends to those 
observed for the Mn2O3 catalyst (Figure 4.6). The actual mercury oxidation efficiencies obtained in the 
presence of HCl for both catalysts were very similar at all of the temperatures studied. The main 
difference between the results obtained with the two different catalysts was the temperature at which 
maximum mercury oxidation efficiency was obtained in the presence of 10 ppm HCl. At 300
o
C, high 
mercury oxidation was achieved for Mn2O3 and Mn3O4 catalysts with reporting 91 % and 92% 
respectively.   
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Figure 4.5. % Hg
0
 oxidation versus temperature using Mn2O3 under Hg
0
/HCl Residence time: 0.000101 
secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [HCl] = 10 ppm 
 
Figure 4.6. % Hg
0
 oxidation versus temperature using Mn3O4 under Hg
0
/HCl. Residence time: 0.000101 
secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [HCl] = 10 ppm 
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Influence of Hg
0
/O2/CO2: The results obtained on the influence of O2/CO2 on catalytic oxidation of Hg 
using Mn2O3 and Mn3O4 are shown in Figures 4.7 and 4.8. For Mn2O3, no mercury oxidation was 
achieved in the presence of O2/CO2, at temperatures up to 100
o
C. At a temperature of 150
o
C however an 
mercury oxidation efficiency of 55 % was obtained. From 150
o
C to 300
o
C, the oxidation of mercury 
gradually increases, reaching a maximum of 78 %. As discussed earlier the main reactions that have been 
proposed to occur when O2 is present in a stream containing Hg
0
 are as follows;  
O2 → 2O(ads)     (4.5) 
Hg(g) + surface → Hg(ads)   (4.6) 
Hg(ads) + O(ads)
 →HgO(ads)   (4.7) 
Alternatively, the following Mars-Maessen reactions could occur
[5]
; 
Hg(g) + surface ↔ Hg(ads)    (4.8) 
Hg(ad)(s) + MxOy ↔ HgO(ads) + MxOy-1
    
(4.9) 
HgO(ads) + MxOy-1- + ½ O2(g) → HgO(ad)(s)
 
+ MxOy(s) (4.10) 
The lack of mercury oxidation observed at 100 
o
C when Hg
0
 and only O2/CO2 is present is most likely 
due to one or more of the following: 
- (1) Insufficient activation energy at 100oC for dissociative adsorption of O2 (and hence no oxygen is 
present to react with Hg
0
) 
- (2) Formation of HgO occurs however the rate of desorption of this species is very low (NOTE: the 
vapour pressure of HgO is 5.39 Pa at 260
o
C 
[6]
, whereas the vapour pressure of HgCl2 = 170.00 Pa at 
236 
o
C) 
[7]
. 
The influence of O2/CO2 on catalytic oxidation of Hg
0
 using the Mn3O4 catalyst shows a similar trend to 
that of Mn2O3. No oxidation of mercury is seen at 50 or 100
o
C. At 150
o
C, mercury oxidation reached 
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60 %. Beyond 150
o
Cmercury oxidation steadily increased, reaching  approximately 80 % at 300
o
C, the 
highest mercury oxidation obtained under these conditions. 
  
 
Figure 4.7. % Hg
0
 oxidation versus temperature using Mn2O3 under O2/CO2
 
Residence time: 0.000101 
secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 5 %, [O2] = 3% 
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Figure 4.8 % Hg
0
 oxidation versus temperature using Mn3O4 under O2/CO2
 
Residence time: 0.000101 
secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 5 %, [O2] = 3% 
 
To investigate the possibility that HgO may have been forming and not desorbing from the catalysts at 
lower temperatures, the amount of mercury absorbed onto the catalysts for the 100
o
C test was determined. 
The amount of that adsorbed during the tests conducted at 100 C is given in Figure 4.9. From the results 
presented in Figure 4.9 it can be seen that more adsorbed mercury was found on the catalysts tested in the 
presence of O2/CO2. This finding supports the hypothesis that strongly adsorbed HgO may have been 
formed in these tests. 
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Figure 4.9. Amount of Mercury Adsorbed during testing at 100
o
C Hg
0
 in presence and absence of 
O2/CO2. Other test conditions: Residence time: 0.000101 secs, Duration: 16 hours, Gas composition: 
[Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 5 %, [O2] = 3% 
 
Influence of HCl and O2/CO2: The influence of both HCl and O2/CO2 on the catalytic oxidation of 
mercury using Mn2O3 and Mn3O4 are shown in Figures 4.10 and 4.11. The mercury oxidation efficiencies 
obtained in the stream containing both HCl and O2 were very similar to those obtained in the stream 
containing only HCl. Based on the results obtained it can be concluded that there is no significant benefit 
of combining HCl and O2 for the catalysts tested. 
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The main reactions that have been proposed to occur when HCl and O2 are present in a stream containing 
Hg
0
 are as follows; 
- When HCl is reacted with O2, the formation of Cl(ads)
 
occurs in the gas stream via the following 
reactions between 250 and 375
o
C
[8]
 : 
HCl(g) + O2(g) → 2Cl(ads) + H2O    (4.12)
 [1]
 
Under an Hg
0
 gas stream, the following reactions occur with Cl(ads); 
Hg
0
(g)
 → Hg0(ads)
 
      (4.13)
 [1]
 
Cl(ads) + Hg
0
(ads) → HgCl(ads)     (4.14)
 [1]
 
HgCl(ads) + Cl(ads)
 → HgCl2(ads)    (4.15)
 [1]
 
HgCl2(ads)
 → HgCl2(g)     (4.16)
 [1]
 
 
Chemisorbed oxygen on the surface of the metal oxide catalyst, which can be consumed by 
HCl  
[1]
, where the intermediate product (HgCl) is formed which then oxidized by Cl(ads) to form 
HgCl2.     
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Figure 4.10 Hg
0
 oxidation efficiencies of Mn2O3 under flue gas components 
Residence time: 0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
,  
[CO2] = 5 %, [O2] = 3%, [HCl] = 10 ppm 
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Figure 4.11 Hg
0
 oxidation efficiencies of Mn3O4 under flue gas components 
Residence time: 0.00010 secs, Duration= 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, 
[CO2]= 5 %, [O2] = 3%, [HCl] = 10 ppm 
 
Influence of HCl concentration: Based on the significant influence of HCl that was observed it was 
decided to investigate the effect of changing the amount of HCl in the test stream. The amount of HCl 
present in the test stream was controlled using the process described in section 2.3.1.1.2 (generation HCl 
vapour).  
Varying concentrations of HCl (5 to 20 ppm) in the gas stream were investigated, with the results from 
these investigations shown in Figure 4.12.  As shown earlier no mercury oxidation occurred when no HCl 
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was present in the stream for both of the catalysts tested. When 5 pm HCl was added to the stream ~25 % 
and ~30 % mercury oxidation was observed for Mn2O3 and Mn3O4 respectively. When the HCl 
concentration was increased further to 10 ppm there was a significant increase in the amount of catalytic 
oxidation obtained for both catalysts (~70 % (Mn2O3) and ~75 % (Mn3O4)). When the concentration of 
HCl was further increased to 15 ppm, the mercury oxidation also increased for Mn2O3 and Mn3O4 
catalysts, reaching to 85 and 90 % oxidation of Hg
0
. The highest mercury oxidation of 100 % observed 
for both catalysts was achieved using an HCl concentration of 20 ppm. 
 
 
 
 
Figure 4.12 Effect of HCl using Mn2O3 and Mn3O4 (where 0 ppm HCl denotes Hg only) 
Temperature: 150 
o
C, Residence time: 0.000101 secs, Duration= 16 hours, Gas composition: 
[Hg
0
] = 319 ± 26 µg/m
3
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Influence of NH3: The influence of NH3 on catalytic oxidation of mercury over the Mn2O3 and Mn3O4 
catalysts was studied in streams with the following compositions:  
(1) Hg
0
 and NH3 (383.8 ppm) 
(2) Hg
0
, NH3 (383.8 ppm), and HCl (10 ppm) 
(3) Hg
0
,NH3 (383.8 ppm), and HCl (20 ppm). 
The results obtained from these studies are shown in Figures 4.13 and 4.14. The results obtained for the 
influence of NH3 on catalytic oxidation of Hg using the Mn2O3 catalyst showed that NH3 had no 
significant effect when added to a stream containing Hg
0
 only (no significant oxidation of Hg
0
 however 
occurred in the Hg
0
 only stream in the presence or absence of NH3). NH3 did however have a significant 
effect on the extent of Hg
0
 oxidation when it was added to streams containing Hg and HCl. For the stream 
containing Hg
0
 and 10 ppm HCl the addition of NH3 to this stream resulted in a large decrease in Hg
0
 
oxidation (the extent of mercury oxidation decreased from 70 % to 0 %). A similar result was observed 
when NH3 was added to a stream containing Hg
0
 and 20 ppm HCl, where the extent of mercury oxidation 
decreased from 100 % to 1 %.  
Similar results on the influence of NH3 on Hg oxidation were also observed for the Mn3O4 catalyst 
(Figure 4.14). In a stream containing Hg
0
 and 10 ppm HCl the addition of NH3 to this stream resulted in a 
large decrease in Hg
0
 oxidation (the extent of oxidation decreased from 75 % to 1 %). A similar result 
was observed when NH3 was added to a stream containing Hg
0
 and 20 ppm HCl, where the extent of 
oxidation decreased from 100% to 3%. The influence of NH3 on catalytic oxidation of Hg that was 
observed in the tests conducted in this section was most likely due to either the following reaction; 
2NH3 + 3 HgCl2 ↔ N2 + 3 Hg
0 
+ 6 HCl     (4.17) 
[8]
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-And / or saturation of the catalyst surface by NH3 - Where NH3 is strongly adsorbed to the 
surface of the catalyst, reducing the coverage of chlorinated sites and hence deactivating the 
catalyst. 
Based on the results obtained on the influence of NH3 in this section on catalytic oxidation of Hg using 
Mn2O3 and Mn3O4 the aforementioned catalysts are clearly not suitable for use in streams containing 
significant amounts of NH3. As the aforementioned catalysts did however show high activity they may 
still be of interest for use in streams which are downstream of a NH3 removal process (such processes are 
discussed in section 1.5.4). The aforementioned catalysts may also be of use in high temperature streams 
that contain NH3 as, as stated earlier, reaction 4.13 does not occur at a high rate at temperatures > 300
o
 C. 
As the focus of this project was the development of catalysts for low temperature Hg
0
 oxidation, the 
aforementioned was not investigated.       
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Figure 4.13 Mercury speciation analysis: Influence of NH3 using Mn2O3 catalyst. 
Temperature: 150 
o
C, Residence time: 0.000101 secs, Duration: 22 hours, Gas composition: [Hg
0
]= 319 ± 
26 µg/m
3
, [NH3] = 383.8 ppm, N2 (balance) 
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Figure 4.13 Mercury speciation analysis: Influence of NH3 using Mn3O4 catalyst. 
Temperature: 150 
o
C, Residence time: 0.000101 secs, Duration: 22 hours, Gas composition: [Hg
0
]= 319 ± 
26 µg/m
3
, [NH3] = 383.8 ppm, N2 (balance) 
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4.3.3 Studies on used catalysts 
Various characteristics of the used manganese oxide catalysts from the tests conducted in the previous 
sections were investigated to ascertain if any significant changes occurred to the materials under the 
different testing conditions used. Only the results obtained from tests conducted at a reactor temperature 
of 150
o
C are discussed in this section. The results obtained for tests conducted under other conditions are 
given in Appendix C. Characteristics of the used catalysts that were investigated included: amount of 
adsorbed Hg, surface area (BET), main phases present (XRD), particle morphology (TEM) and surface 
species / composition (XPS). 
Adsorbed Hg 
The extent to which mercury adsorbed to the two manganese oxide catalysts in the tests conducted using 
various gas compositions was determined. Moreover, the stability of the aforementioned adsorbed 
mercury (and the type of mercury that was adsorbed) was also investigated by flushing the reactor 
containing the used catalyst at the end of each test with N2 (refer to chapter 2, section 2.3 for flushing 
conditions used).  The gas used to flush the system was then passed through a new series of traps to 
determine if any adsorbed Hg was released. The traps used also enabled the type of mercury that was 
released to be determined. The results from the aforementioned investigations are presented in Table 4.1 
(Note- mass balance calculations conducted using the catalyst testing data and the Hg adsorption /flushing 
data gave Hg mass balances for all tests in the range of 95 – 105%. 
- Significance of the amount – very low desorption under the flushing conditions – 150oC, N2 Flow 
rate: 200sccm, duration: 3 hours 
- Desorption was not investigated further (for example at higher temperatures) as the main focus of 
this project was to investigate catalytic activity of transition metal oxides. 
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Table 4.1 Analysis of mercury adsorbed of Mn2O3 and Mn3O4 at 150
o
C under various flue gas 
compositions 
 
 
Catalyst 
 
 
Gas Composition 
 
Hg(ads) during 
catalyst testing 
(µg) 
Hg evolved during N2 Flush 
conducted after testing 
Hg
0 
(µg) 
Hg
2+ 
(µg) 
Mn2O3 
Mn3O4 
Hg
0
 only 
Hg
0
 only 
33 
35 
1 
1 
1 
2 
Mn2O3 
Mn3O4 
Hg/HCl 
Hg/HCl 
16 
16 
2 
0 
1 
1 
Mn2O3 
Mn3O4 
Hg/O2/CO2 
Hg/O2/CO2 
12 
15 
1 
2 
0 
1 
Mn2O3 
Mn3O4 
Hg/HCl/O2/CO2 
Hg/HCl/O2/CO2 
17 
15 
2 
0 
0 
1 
Mn2O3 
Mn3O4 
Hg/HCl (10 ppm)/NH3 
Hg/HCl (10 ppm)/NH3 
26 
33 
0 
1 
3 
5 
 
 
 
X-ray diffraction analysis (XRD): XRD analysis of the used manganese oxide catalysts from tests 
conducted at 150 
o
C are shown in Figures 4.15 and 4.16. Comparisons between the XRD patterns 
obtained for the used catalysts with the corresponding fresh catalysts showed that there were no 
significant differences in the phases present between the used and fresh catalysts; hence temperature and 
exposure under a Hg
0 
and HCl/O2/CO2/NH3 gas stream had no significant effect on the phases of these 
catalysts. 
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4.15 XRD Analysis of Mn2O3 (fresh and used catalysts) at 150
o
C 
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4.16 XRD Analysis of Mn3O4 (fresh and used catalysts) at 150
o
C 
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X- Ray Photoelectron spectroscopy (XPS): The XPS spectra obtained for the fresh and used manganese 
oxide catalysts are shown in Figures 4.17 and 4.18. The XPS spectra obtained for the used catalysts were 
very similar to those obtained for the fresh catalysts indicating that no significant change occurred to the 
surfaces of the catalysts (functional groups present) over the range of conditions used. The presence of Hg 
on the surface of the used catalysts was investigated however none was detected (this was most likely due 
to the amount present being below the limit of detection and/or a significant amount of the Hg that was 
adsorbed to the used catalysts was not stable under the high vacuum conditions used in XPS analysis).  
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Figure 4.17: XPS spectra of Mn2O3 
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Figure 4.18: XPS spectra of Mn3O4 
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Surface area analysis (BET): Surface areas of the catalysts post testing are shown in Table 4.2. The 
surface areas of the manganese oxides showed no significant change when compared to the respective 
fresh materials. 
 
Table 4.2. BET analysis of fresh and used manganese oxides 
Conditions Surface Area of Mn2O3 
 (m2/g) 
Surface Area of Mn3O4  
(m2/g) 
 Fresh  Used Fresh Used 
Hg only 80 80 82 82 
Hg/HCl 80 79 82 82 
Hg/O2/CO2 80 80 82 79 
Hg/HCl/O2/CO2 80 78 82 80 
 
TEM analysis   
TEM images of the manganese oxide catalysts post testing (from tests conducted under the following 
conditions; Temperature: 150 
o
C, Duration: 22 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 
5 %, [O2] = 3%) are shown in Figures 4.19 and 4.20. The TEM images for both manganese oxides 
showed no significant change in morphology between the fresh materials and the used materials (refer to 
Section 3.5.1.2 for TEM images of fresh materials).  
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Figure 4.19 TEM image analysis of used Mn2O3 catalyst  
 
 
 
 
 
 
  
 
 
 
 
Figure 4.20 TEM image analysis of used Mn3O4 catalyst  
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4.4 Conclusions 
 
The findings from this chapter provided significant information on the influence of temperature, HCl, O2 
and NH3 on Mn2O3 and Mn3O4 catalysed oxidation of mercury.  
- For Hg only streams, temperature had no influence on Hg0 oxidation for both Mn2O3 and Mn3O4, 
with no significant mercury oxidation occurring over the temperature range studied (50 – 300 oC). 
- For the stream containing HCl, significant oxidation of Hg0 at 150oC was observed for both 
manganese oxide catalysts. Beyond 150 
o
C, mercury oxidation steadily increased, with mercury 
oxidation of 93 and 94 % for Mn2O3 and Mn3O4 reached at 300
o
C. 
- For a Hg0 stream containing O2, temperature had minimal effect between 50
o
C and 100
o
C. 
Significant mercury oxidation was seen at 150
o
C for both manganese oxides and increased to 78 % 
and 80% at 300
o
C for Mn2O3 and Mn3O4 respectively.  
- For the influence of HCl, it is seen that significant mercury oxidation occurred when HCl was in the 
stream. Investigations on the influence of HCl concentration on Hg
0
 oxidation at 150
o
C, reported 
high mercury oxidation with increase in HCl concentration (5 to 20 ppm), where 100% mercury was 
achieved for both Mn2O3 and Mn3O4. 
- Influence of O2 on mercury oxidation showed similar trends for Mn2O3 and Mn3O4. Compared to the 
stream containing Hg
o
 only, the addition of O2 significantly increases the mercury oxidation achieved 
by both manganese oxide catalysts at temperatures of 100
o
C and higher. 
- A combined gas stream of HCl, O2 and CO2 introduced in the system, similar trends for that of the 
Hg
0
 and HCl stream were observed, where significant mercury oxidation is reported at 150
o
C and 
higher oxidation efficiencies are seen when temperatures increased to 300
o
C. 
- Studies on the influence of NH3 showed that the presence of NH3 decreased the extent of mercury 
oxidation considerably in streams that also contained HCl. This was most likely due to the saturation 
118 
 
of the catalyst surface by NH3, where NH3 is strongly adsorbed to the surface of the catalyst, 
reducing the coverage of chlorinated sites and hence deactivating the catalyst. 
- The amount of adsorbed mercury that remained on the catalysts after testing (and flushing with N2) 
under different conditions varied considerably. The results obtained on mercury adsorption showed 
that for gas streams containing Hg
0
 only, more mercury is adsorbed on the surface of Mn2O3 and 
Mn3O4 compared to that of gas streams containing HCl, where the amount of adsorbed Hg was 
significantly lower. From a nitrogen flush analysis, the mercury evolved and captured in the trapping 
solutions for Hg
2+
 and Hg
0
 reported little mercury desorbed off the catalysts under the flushing 
conditions used (150
o
C, N2 Flow rate: 200sccm, duration: 3 hours). 
- Post characterization results from experiments performed at 150oC confirmed from XPS and XRD 
that the phase and surface chemistry of the tested materials showed no significant change after 
testing. For morphology, the material did not have any significant change after testing. This was also 
reflected in the similar BET surface areas obtained for the fresh and used catalysts.    
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Chapter 5 
 
Nickel Oxides: Catalytic Studies 
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5.1 Introduction 
It was shown in chapter 3 that of the several transition metal oxides that were screened for catalytic 
oxidation of mercury under the following conditions (150
o
C, 319 ± 26 µg/m
3
 Hg, 10 ppm HCl, 3% O2, 
5% O2) the NiO that was synthesised using the method given in section 2.3 was the most active material 
in terms of catalysing Hg to a gaseous oxidised species. As discussed earlier to the best of the author’s 
knowledge only one previous study has been published in the open literature that involved the use of a 
NiO containing substance (NiO supported on TiO2) for catalysing Hg oxidation. This study by Kamata et 
al., which was discussed earlier in section 3.1 reported  the following 
[1]
; 
-The effect of temperature on Hg
0
 oxidation showed that there is a strong relationship between 
temperature and oxidation efficiency.  
- At a reactor temperature of 250oC (conditions: 10 ppm HCl, 160 ppm SO2, 1.6% O2, 8% CO2 and 
8% H2O, duration: 1 hour, flow rate: 1900 sccm, mass of catalyst: 140 mg), the NiO/TiO2 catalyst 
studied was able to facilitate Hg
0
 oxidation, with an Hg
0
 conversion of ~18%. 
- When the temperature was increased to 400oC, a higher conversion of Hg0 was observed (~30%) 
- When Ammonia was added to the reactant stream significant inhibition of Hg0 oxidation was 
observed at a reaction temperature of 350
o
C. Kamata et al. suggested that the aforementioned was 
most likely due to NH3 coverage of the chlorinated sites. 
 
In this chapter further studies were conducted on the NiO material that was investigated in chapter 3, 
whilst identical studies were also conducted using a commercially available NiO.  These investigations 
included studying the effect of the following which have previously been reported to have a significant 
influence on the catalytic oxidation of Hg
0
: temperature and the presence of the following species HCl, O2 
and NH3 
[1-8]
. A detailed discussion of the aforementioned is given in sections 1.2 and 4.1. In addition to 
investigating the influence of the temperature and key gaseous species commonly found in coal fired 
power plants the long term activity of NiO was investigated. Various characteristics of the materials after 
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Hg
0
 oxidation testing were also investigated, these included: amount of adsorbed Hg, the phases present, 
surface species, morphology and surface area. 
5.2 Experimental 
 
5.2.1 Materials 
 
Details of the preparation of the materials used in this chapter are described in Section 2.1.4. 
The commercial NiO used in this chapter which was purchased from Sigma Aldrich is hereafter referred 
to as commercial NiO. 
5.2.2 Methods 
5.2.2.1 Catalyst Testing 
 
The catalyst testing procedure used to investigate the influence of temperature and different flue gases 
(O2/CO2, HCl and NH3) was the same as that outlined in section 4.2.1 (regarding test streams containing 
NH3).   
5.2.2.2 Characterisation methods  
 
The methods used to investigate the characteristics of the fresh and used catalysts studied in this chapter 
(XRD, XPS, BET and TEM) have been previously described in Chapter 2. 
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5.3 Results and Discussion 
 
5.3.1 Characterisation of synthesised NiO and commercial NiO  
 
Characterisation data for the synthesised NiO investigated in this chapter is given in section 3.5.1 of 
Chapter 3. Characterisation data for the commercial NiO that was studied is given in the proceeding 
sections. 
 
XRD: The XRD pattern of the commercially obtained NiO is shown in Figure 5.1. The pattern obtained 
confirmed the presence of the expected NiO, with a face-centred-cubic crystal structure. 
 
 
Figure 5.1 XRD Analysis of Commercially Obtained NiO (Fresh) 
 
XPS: The characteristic Ni 2p and O 1s spectra for the commercial NiO and oxidation states of the 
commercially obtained NiO were determined according to their relative binding energies and are shown 
in Figure 5.2.  The XPS results obtained showed evidence of a Ni
2+
 oxidation state (853.7 eV), confirming 
the presence of NiO for the commercial NiO.   
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Figure 5.2 XPS Analysis (Ni 2p) of Commercially Obtained NiO 
 
 
 
 
Figure 5.3 XPS Analysis (O1s) of Commercially Obtained NiO  
 
Surface Area (BET): The surface area obtained for the commercial NiO was 1.5m
2
/g.  
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TEM: TEM analysis of the commercial NiO is shown in Figure 5.3. It can be seen from the TEM image, 
that the morphology was similar to that of the previously discussed NiO in chapter 3, where a cubic 
morphology was observed for both NiO catalysts.  
 
 
 
 
 
 
 
 
 
Figure 5.4 TEM images of a) Synthesised NiO and b) Commercial NiO catalyst  
       
5.3.2 Catalytic Oxidation of Mercury using NiO Catalysts - Effect of Temperature, HCl, O2 and 
NH3. 
 
The catalytic oxidation of mercury studies conducted on the synthesised and commercial NiO catalysts 
were similar to those conducted for the manganese oxides (refer to section 4.3.2). The fate of elemental 
mercury vapor when passed over NiO catalysts (both commercial and synthesized) was investigated 
under different reactor temperatures (50-300
o
C) and under various flue gas conditions (in the presence 
and absence of HCl, O2 and CO2, and NH3 – NOTE: The influence of O2 and CO2 was not studied 
separately).  For ease of discussion, the influence of temperature only is discussed in the following 
section, which is then followed by a discussion of the influence of HCl, O2 and CO2, and NH3. 
  
100 nm 100 nm 
(a)                                                                                   (b) 
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5.3.2.1 Influence of temperature  
 
Hg
0 
only stream:  The influence of temperature on the catalytic oxidation of mercury using a gas stream 
containing Hg
0
 only is shown in Figure 5.1. It can be observed from these results, that no significant 
mercury oxidation occurred across the whole temperature range (50
 
to 300
o
C) for the commercial NiO 
catalyst. For the synthesized NiO, a very small amount of mercury oxidation (1-2%) was observed across 
50
 
to 300
o
C. The aforementioned results (no significant oxidation in Hg only stream at 50 to 300
o
C) were 
very similar to those obtained for the manganese oxide catalysts investigated in Chapter 4. 
 
 Figure 5.5 Hg0 oxidation efficiencies of NiO catalysts in Hg0 only stream. Residence time: 0.000101 
secs, Duration: 16 hours, Gas composition: [Hg
0
] = 319 ± 26 µg/m
3
, balance N2 
Hg
0
/HCl stream:  The influence of temperature on the catalytic oxidation of Hg
0
 using a stream that 
contained Hg
0
 and HCl (10 ppm) is shown in Figure 5.6. It is observed from Figure 5.6 that very little 
mercury oxidation occurred using the commercial NiO catalyst at a reactor temperature of 50
o
C, whereas 
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for the synthesised NiO significant mercury oxidation (55%) occurred at 50
o
C. The lowest temperature at 
which significant mercury oxidation was observed for the commercial NiO was 100
o
C. For the 
commercial NiO, further increased with temperature from 100 – 200oC, hence increasing the amount of 
mercury oxidation. When the temperature was raised from 200-300
o
C, only moderate increases in 
mercury oxidation were observed. Based on the trend observed with increasing temperature it appears that 
further increases beyond 300 C would lead to further increases in Hg oxidation.  For the synthesized NiO 
as mentioned earlier significant mercury oxidation (55%) was observed at 50
o
C. A significant increase in 
mercury oxidation to 85% occurred at 100
o
C, whilst only marginal increases in oxidation occurred when 
the temperature was increased beyond 100
o
C up to 300
o
C. 
Overall, the activity of the NiO materials differed when exposed to HCl. For the commercial NiO, 
significant activity is not reported beyond 100
o
C, where the activity continually increased to 300
o
C. For 
the synthesised NiO, the material is more active across the whole temperature range studied.  
Note: The influence of [HCl] is discussed in a later section.   
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Figure 5.6 Hg
0
 oxidation efficiencies of NiO under Hg
0
/HCl. Residence time: 0.000101 secs, Duration: 
16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [HCl] = 10 ppm 
 
Hg
0
/O2/CO2: The influence of temperature on the catalytic oxidation of Hg
0
 using a stream that contained 
Hg
0
 and O2/CO2 is shown in Figure 5.8. At 50
o
C no significant mercury oxidation was observed for both 
of the NiO materials. At 100
o
C, mercury oxidation was observed for both NiO catalysts with 5% mercury 
oxidation.  From 100
 
to 150
o
C, a significant increase in mercury oxidation was observed for both NiO 
catalysts with 5% (100
o
C) to 40% (150
o
C) observed for the commercial NiO, and 5% (100
o
C) to 48% 
(150
o
C) observed for the synthesized NiO. A steady increase in mercury oxidation was observed for both 
catalysts when the temperature was increased from 150 to 300
o
C with mercury oxidation efficiencies 
increasing from 48 to 60% for the synthesized NiO over this temperature range, and from 40 to 53% for 
the commercial NiO.  
Similar trends were observed for both NiO catalysts, where the main difference between the materials was 
seen between 150
 o
C and 300
o
C, where the activity of the commercial was less active than the NiO. 
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Across the whole temperature range studied, the synthesised NiO was more active than the commercial 
NiO. 
 
Figure 5.7 Hg
0
 oxidation efficiencies of NiO under O2/CO2 mix. Residence time: 0.000101 secs, 
Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 5%, [O2] = 3% 
Hg/HCl/O2/CO2: The influence of temperature on the catalytic oxidation of Hg
0
 using a stream that 
contained Hg
0
, HCl and O2/CO2 is shown in Figure 5.4. The trends observed in these tests with regards to 
the influence of temperature were very similar to those observed in the streams containing Hg
0
 and HCl. 
For both catalysts however slightly higher mercury oxidation was obtained in streams containing HCl and 
O2/CO2 compared to the streams containing only HCl over the temperature range studied.    
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Figure 5.8 Hg
0
 oxidation efficiencies of synthesised NiO under HCl and O2
/
CO2. Residence time: 
0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, 
[CO2] = 5%, [O2] = 3%, [HCl] = 10 ppm 
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Figure 5.9 Hg
0
 oxidation efficiencies of NiO under HCl and O2
/
CO2 
Residence time: 0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
,  
[CO2] = 5 %, [O2] = 3%, [HCl] = 10 ppm 
 
5.3.2.1.2 Influence of HCl, O2 / CO2 and NH3. 
 
The results of the effects HCl, O2/CO2 and NH3 on catalytic oxidation of mercury were as follows:  
Influence of HCl: The influence of HCl on the catalytic oxidation of Hg
0
 over NiO (synthesized) and the 
commercial NiO are shown in Figures 5.10 and 5.11. The results obtained for the NiO (synthesized) and 
commercial NiO in streams containing HCl show that the presence of HCl led to significant increases in 
mercury oxidation for both catalysts. For the synthesized NiO these increases were observed over the 
entire temperature range studied, whilst for the commercial NiO the influence of HCl was only seen at 
temperatures of 100
o
C and higher. As previously discussed in Section 4.3.2.1.2, the influence of HCl is 
likely to involve a surface reaction between Hg
0
 and HCl, with the formation of HgCl2.  
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From these results, it is apparent the synthesized NiO catalyst is more active at 50
o
C than that of the 
commercial NiO and that HCl leads to more activity. As the commercial NiO has a much lower surface 
area than that of the NiO, this difference could be potential characteristics that maybe responsible for the 
difference in performance of the catalysts. Additionally, the morphology or size of the material could also 
be contributing factors of catalytic activity. 
 
 
 
 
Figure 5.10 Hg
0
 oxidation efficiencies of NiO (synthesised) under Hg
0
/HCl Residence time: 
0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [HCl] = 10 ppm 
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Figure 5.11 Hg
0
 oxidation efficiencies of NiO (commercial) under Hg
0
/HCl Residence time: 
0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [HCl] = 10 ppm 
 
Influence of Hg
0
/O2/CO2: The results obtained on the influence of O2/CO2 on the catalytic oxidation of 
Hg
0
 using NiO and commercially bought NiO are shown in Figures 5.12 and 5.13. For both catalysts, no 
mercury oxidation is observed at 50
o
C in the presence of O2/CO2. A slight increase in mercury oxidation  
is observed at 100
o
C with both reporting 5% mercury oxidation.  
The results obtained for the NiO (synthesized) and commercial NiO in streams containing HCl show that 
the presence of O2/CO2 led to significant increases in mercury oxidation for both NiO catalysts. For the 
synthesized and the commercial NiO, activity was only seen at temperatures of 100
o
C and higher. From 
these results, similar trends were observed across the whole temperature range tested, where the main 
0
20
40
60
80
100
0 50 100 150 200 250 300
H
g
0
 O
x
id
at
io
n
 (
%
) 
Temperature (oC) 
Effect of HCl: Commercial NiO 
Hg only
Hg/HCl
134 
 
difference in the materials were seen beyond 100
o
C, where the synthesised NiO had higher activity than 
the commercial NiO. 
From these results, it is apparent the synthesized NiO catalyst is more active at 50
o
C than that of the 
commercial NiO and that the presence of O2/CO2 leads to more activity. As previously discussed in 
Section 5.3.2.1.2, the commercial NiO has a much lower surface area than that of the synthesized NiO - 
this difference is most likely responsible for the difference in performance of the catalysts in the presence 
of O2/CO2. Additionally, the differences in the morphology /size of the different nickel oxides could also 
be contributing factors of catalytic activity. 
 
.  
 
Figure 5.12 Hg
0
 oxidation efficiencies of NiO (synthesised) under O2/CO2
 
Residence time: 
0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 5%, [O2] = 3% 
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Figure 5.13 Hg
0
 oxidation efficiencies of NiO (commercial) under O2/CO2
 
Residence time: 0.000101 
secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 5%, [O2] = 3% 
 
Influence of HCl and O2/CO2: The influence of both HCl and O2/CO2 on the catalytic oxidation of Hg
0
 
using NiO and commercially bought NiO are shown in Figures 5.14 and 5.15. The mercury oxidation 
efficiencies obtained in the stream containing both HCl and O2 were very similar to the results obtained 
from the stream containing only HCl. However, for the commercial NiO, there is a significant increase 
(0% to ~ 8%) in oxidation at 50
o
C compared to that in the presence of a stream containing Hg
0
 and HCl 
where no mercury oxidation was reported. This difference in oxidation could be due to the requirement of 
HCl and O2 to form an active species of either O or Cl, resulting in more oxidized Hg
0
 in the form of HgO 
or HgCl2. Based on the results obtained, it can be concluded that there is no significant advantage of 
having the combined gas stream for the NiO catalysts tested.  
 
0
20
40
60
80
100
0 50 100 150 200 250 300
H
g
0
 O
x
id
at
io
n
 (
%
) 
Temperature (oC) 
Effect of Hg/O2/CO2: Commercial NiO 
Hg only
Hg/CO2/O2
Hg only 
Hg/CO2/O2 
136 
 
 
Figure 5.14 Hg
0
 oxidation efficiencies of NiO (synthesized) under flue gas components. Residence time: 
0.000101 secs, Duration: 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 5%, [O2] = 3%, 
[HCl] = 10 ppm 
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Figure 5.15 Hg
0
 oxidation efficiencies of NiO (commercial) under flue gas components 
Residence time: 0.00010 sec, Duration= 16 hours, Gas composition: [Hg
0
]= 319 ± 26 µg/m
3
, 
[CO2]= 5 %, [O2] = 3%, [HCl] = 10 ppm 
 
Influence of HCl concentration: Based on the significant influence of HCl that was observed it was 
decided to investigate the effect of changing the amount of HCl in the test stream.  As discussed 
previously, the amount of HCl present in the gas stream was controlled using the process described in 
section 2.3.1.1.2 (generation of HCl vapour).  For the NiO catalysts at 150
o
C, the result of increasing HCl 
concentration (5 to 20 ppm) is shown in Figure 5.16. As observed earlier, the stream containing only Hg
0
 
had no oxidation observed for both NiO catalysts. Oxidation of Hg
0
 starts to be observed when 5 ppm 
HCl is added to the gas stream, with reported mercury oxidation ~61% and ~28% for the synthesised and 
the commercial NiO catalysts. Mercury oxidation is further increased when the HCl concentration is 
increased to 10 ppm, where ~86% and ~35% mercury oxidation was observed for the synthesized NiO 
and the commercial NiO respectively. When 15 ppm HCl is added to the gas stream ~ 92% and ~ 64% 
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mercury oxidation was observed for the synthesized NiO and the commercial NiO catalyst. The highest 
mercury oxidation of ~ 99% and ~ 67% for the synthesized NiO and commercial NiO were observed 
when 20 ppm HCl was added to the stream. 
 
Figure 5.16 Effect of HCl using NiO catalysts (where 0 ppm HCl denotes Hg only) Temperature: 
150
o
C, Residence time: 0.000101 secs, Duration= 16 hours, Gas composition: [Hg
0
]= 319 ± 
26  µg/m
3
 
 
 
 
 
Influence of NH3: The influence of NH3 on the catalytic oxidation of Hg
0
 over the synthesized NiO 
catalysts is shown in Figure 5.17 (the influence of NH3 was only studied for the synthesized NiO as this 
material had a significantly higher activity in the presence of HCl/O2 than the commercial NiO). The 
results obtained from this study showed no significant mercury oxidation occurred in  a stream containing 
Hg
0
 and NH3 In a stream containing Hg
0
 and HCl, the presence of NH3 had a significant effect on Hg
0
 
oxidation. Under a gas stream containing Hg
0
, 10 ppm HCl and NH3 there was  a significant decrease in 
mercury oxidation (~ 1%)compared to that of the stream containing only Hg
0
 and 10 ppm HCl (~86%). A 
0
20
40
60
80
100
120
0 5 10 15 20
H
g
0
 O
x
id
at
io
n
 (
%
) 
[HCl] (ppm) 
Influence of HCl Concentration 
NiO
Commercial NiO
139 
 
similar trend is observed when NH3 is added to a stream containing Hg
0
 and 20 ppm HCl, where the 
extent of mercury oxidation was only  ~4%, a significant decrease compared to that of a stream 
containing Hg
0
 and 20 ppm HCl with ~ 99% mercury oxidation achieved.    
As previously mentioned in Section 4.3.2.1.2, the influence of NH3 on catalytic oxidation of Hg that was 
observed in the tests conducted in this section was most likely due to either the following reaction; 
2NH3 + 3 HgCl2 ↔ N2 + 3 Hg
0 
+ 6 HCl     (5.1) 
[8]
 
-And / or saturation of the catalyst surface by NH3 - Where NH3 is strongly adsorbed to the surface of the 
catalyst, reducing the coverage of chlorinated sites and hence deactivating the catalyst.
 
Figure 5.17 Mercury speciation analysis: Influence of NH3 using NiO (synthesized) catalyst. 
Temperature: 150 
o
C, Residence time: 0.000101 secs, Duration: 22 hours, Gas composition: [Hg
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5.3.3 Time Dependent Study on NiO Catalysts: 
The catalytic oxidation of Hg
0
 was investigated using both NiO catalysts for a significantly longer 
reaction time then that used in previous tests. The other conditions used in these tests were as follows: 
150
o
C under a combined gas stream of O2 and CO2. The results of the longer reaction time tests are 
shown in Figure 5.18. The results from these  tests showed the catalytic activity of the synthesized NiO 
catalyst remained the same and the catalytic activity of the commercial NiO catalyst dropped marginally 
beyond 40 hours.  
 
 
Figure 5.18 Temperature: 150
o
C, Residence time: 0.000101 secs, Duration: 22 hours, Gas composition: 
[Hg
0
]= 319 ± 26 µg/m
3
, [NH3] = 383.8 ppm, N2 (balance) 
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5.3.4 Studies on used catalysts 
Under the conditions tested, the NiO catalysts from the tests reported in the previous sections were 
analysed to determine any significant changes that may have occurred to the catalysts under the various 
testing conditions. To ascertain information about these catalysts, the amount of adsorbed Hg, main 
phases present (XRD), particle morphology (TEM) and surface species/ composition (XPS) were 
determined. (Please note that this section describes the catalysts post testing from a gas stream containing 
Hg
0
, HCl (10 ppm), O2 (3%) and CO2 (5%) at a reactor temperature of 150
o
C. The results obtained from 
the tests under other conditions are given in  Appendix C). 
Adsorbed Hg 
The extent to which mercury adsorbed to the two nickel oxide catalysts in the tests conducted using 
various gas compositions was determined. Moreover, the stability of the aforementioned adsorbed 
mercury (and the type of mercury that was adsorbed) was also investigated by flushing the reactor 
containing the used catalyst at the end of each test with N2 (refer to Chapter 2, Section 2.3 for flushing 
conditions used). The gas used to flush the system was then passed through a new series of traps to 
determine if any adsorbed Hg was released. The traps used also enabled the type of mercury that was 
released to be determined. The results from the aforementioned investigations are presented in Table 5.1 
(Note- mass balance calculations conducted using the catalyst testing data and the Hg adsorption /flushing 
data gave Hg mass balances for all tests in the range of 95 – 105%). In a gas stream containing Hg0 only, 
significant amounts of adsorbed Hg were observed, recording 42 µg and 26 µg adsorbed Hg for the 
synthesized NiO and commercial NiO respectively. 
- When the used catalysts were flushed with N2, no significant amounts of mercury were observed in 
the outlet stream under the conditions used. Desorption under different conditions was not 
investigated further (for example at higher temperatures) as the main focus of this project was to 
investigate catalytic activity of transition metal oxides. 
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Table 5.1 Analysis of mercury adsorbed using synthesized NiO and commercial NiO at 150
o
C  
 
Catalyst 
 
Gas Composition 
 
Hg(ads) during 
catalyst testing 
(µg) 
Hg evolved during N2 flush 
conducted after testing 
Hg
0 
(µg)
 
Hg
2+ 
(µg) 
Synthesised 
NiO 
Commercial 
NiO 
Hg
0
 only 
 
Hg
0
 only 
41 
 
26 
0 
 
1 
0 
 
0 
Synthesised 
NiO 
Commercial 
NiO 
 
Hg/HCl 
 
Hg/HCl 
10 
 
20 
1 
 
0 
2 
 
0 
Synthesised 
NiO 
Commercial 
NiO 
 
Hg/O2/CO2 
 
Hg/O2/CO2 
34 
 
29 
0 
 
0 
0 
 
0 
Synthesised 
NiO 
Commercial 
NiO 
 
Hg/HCl/O2/CO2 
 
Hg/HCl/O2/CO2 
0 
 
21 
0 
 
0 
2 
 
0 
Synthesised 
NiO 
Hg/HCl (10 ppm)/NH3 34 0 
 
1 
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X-ray diffraction analysis (XRD): XRD analysis of the used nickel oxides from the tests conducted at 
150
o
C is shown in Figure 5.20 and Figure 5.21. From the previous XRD analysis of the fresh synthesized 
NiO from chapter 3, no significant differences in XRD patterns were observed between the fresh and used 
synthesised nickel oxide catalyst. A similar observation is observed for the commercial NiO, where there 
is no significant difference in the XRD patterns obtained for the  fresh and the used catalyst.  Similar 
results were observed for all other testing conditions used (refer to Appendix D). 
 
 
Figure 5.20 XRD Analysis of NiO (fresh and used catalysts) at 150
o
C 
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Figure 5.21 XRD Analysis of commercial NiO (fresh and used catalyst) at 150
o
C 
 
X- Ray Photoelectron spectroscopy (XPS): The XPS spectra of both used nickel oxides are shown in 
Figures 5.22 to 5.25 5.2 (refer to Figures 5.22 and 5.23 for XPS spectra of the fresh and used versions of 
the NiO catalysts). For both used nickel oxides the XPS spectra obtained were very similar to those 
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obtained for the respective fresh catalysts hence no significant changes occurred to the surfaces of both 
NiO catalysts during testing under the following conditions. Similar results were observed for all other 
testing conditions used (refer to Appendix D). 
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Figure 5.22 XPS Analysis of commercial NiO (fresh and used catalyst) at 150
o
C 
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Figure 5.24 XPS Analysis of synthesised NiO (fresh and used catalyst) at 150
o
C 
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Surface area analysis (BET): The BET surface areas of the NiO catalysts post testing under a reactor 
temperature of 150
o
C are reported in Table 5.5. As observed  there were minimal changes in the surface 
areas of the catalyst that occurred under  the various gas conditions used. Similar results were observed 
for all other testing conditions used (refer to Appendix D). 
Table 5.2. BET analysis of spent and fresh NiO catalysts 
Conditions Surface Area of NiO  
(m
2
/g) 
Surface Area of Commercial NiO 
 (m
2
/g) 
 Fresh Used Fresh Used 
Hg only 85 80 1.5 1.2 
Hg/HCl 85 81 1.5 1.3 
Hg/O2/CO2 85 81 1.5 1.2 
Hg/HCl/O2/CO2 85 83 1.5 1.3 
Conditions: Temperature: 150
o
C, Residence time: 0.000101 secs, Duration: 22 hours, Gas composition: 
[Hg
0
]= 319 ± 26 µg/m
3
, [CO2] = 5 %, [O2] = 3% 
 
Particle size (TEM analysis):  Morphology analysis via TEM of the nickel oxides are shown in Figure 
5.27. The morphology of the nickel oxides remained very similar after testing (when compared to the 
fresh versions – refer to Figure 5.4).  No significant change in particle size was observed for both NiO 
catalysts after testing (when compared to the respective fresh versions – refer to Figure 5.4). 
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Figure 5.24 TEM images of used catalysts: (a) NiO (synthesised) and (b) NiO (commercial) 
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5.4 Conclusions 
The findings from this chapter provide information on the influence of temperature, HCl, O2, and NH3 on 
catalytic oxidation of mercury using a synthesized NiO catalyst and a commercially obtained NiO. 
- For Hg0 only streams, a very small amount of mercury oxidation (1-2 %) was observed across 50 
to 300
o
Cfor the synthesised NiO. For the Commercial NiO, no significant mercury oxidation was 
observed across 50 to 300
o
C.  
- For a gas stream containing HCl, no oxidation was observed for the commercial NiO at 50oC, 
however, for the synthesized NiO, ~ 55% oxidation was observed. In a stream containing 10 ppm 
HCl oxidation of Hg using commercial NiO was  observed at 100 
o
C with 23 %. Further increases 
in temperature, resulted in high oxidation efficiencies at 300
o
C with 92% and 63% for NiO and 
the commercial NiO. 
- In a stream containing HCl, the synthesised NiO had higher activity than the commercial NiO. 
The differences in the activities are most likely attributed to the higher surface area of the 
synthesised NiO and/ or the differences in the number of active sites on the material. 
- In the mercury gas stream containing O2/CO2, no mercury oxidation was observed at  a 
temperature of 50
o
C for both NiO catalysts, whilst only a low amount of oxidation (~5%) was 
observed for both catalysts in the presence of O2/CO2 at 100 
o
C. At 150
o
C, the extent of mercury 
oxidation greatly increased for to 42% for the commercial NiO and 48 % for the synthesised NiO. 
Beyond 150
o
C, mercury oxidation gradually increased, reaching 60 % and 53 % for NiO and 
commercial NiO at 300
o
C. 
- As mentioned earlier  the presence of HCl  had a significant influence on Hg oxidation  for both 
of the NiO catalysts. When increasing the concentration of HCl from 5 ppm to 20 ppm, a positive 
trend is observed, resulting in higher oxidation efficiencies of ~99% (synthesized NiO) and ~67% 
(commercial NiO) at 20 ppm HCl. 
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- For the stream containing O2, significant mercury oxidation was observed at temperatures at 
150
o
C and higher for the synthesized NiO, when compared to that of a stream containing Hg
0
 
only. However, the commercial NiO reported higher mercury oxidation (8 %) at 50
o
C compared 
to the stream containing HCl, where no significant mercury oxidation was observed.  
- The extent of influence of HCl and O2 showed that HCl has a greater influence on the activity of 
the synthesized catalyst (as compared to the difference in influence of O2 seen between the two 
catalysts)   
- In the combined gas stream of HCl and O2/CO2, the results were similar to the results obtained for 
the stream containing HCl only. However, the commercial NiO reported an 8 % increase at 
100
o
C, higher than that tested in the HCl stream. The difference in this oxidation could be due to 
the requirement of HCl and O2 to form an active species of either O or Cl, resulting in more 
oxidized mercury in the form of HgO or HgCl2.  
- The addition of NH3 in a  gas stream containing HCl significantly hindered the mercury oxidation 
for both NiO catalysts. This result could be due the decrease in the amount of chlorinated sites 
caused by NH3 strongly adsorbing to the catalyst, saturating the surface, hence deactivating the 
catalyst. 
- The amount of mercury adsorbed to the catalysts during testing varied considerably. The highest 
amounts were observed in the tests using a stream containing Hg
0
 only (41 µg and 26 µg). The 
next highest amounts s observed in the tests conducted using a stream containing Hg and O2/CO2 
(34 µg and 29 µg). The lowest amounts were observed in the tests conducted using streams 
containing HCl (excluding the test where NH3 was present). There was a reasonable correlation 
between the amount of adsorbed mercury and extent oxidation (in terms gaseous mercury exiting 
out of the stream and caught in the trapping solutions) where the tests with the highest amounts of 
adsorbed mercury had the lowest amounts of oxidized mercury.  
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Flushing of the used catalysts with N2 under the following conditions: 150
o
C, N2 Flow rate: 
200 sccm, duration: 3 hours, led to very low amounts of Hg being desorbed from the used 
catalysts.  
- Increasing the duration of the experiments under a gas stream containing HCl and O2/CO2 using 
both NiO catalysts, the catalysts activity remained relatively unchanged  at 88 hours.. 
- Post characterisation analysis for the fresh and tested catalysts at 150oC under a combined flue 
gas of O2 and CO2 of the nickel oxide catalysts obtained from XPS and XRD showed no 
significant phase change after catalyst testing and that the surface chemistry also remained 
relatively unchanged. TEM analysis showed similar morphology post testing of the catalysts. This 
was also reflected in the BET surface areas produced for both NiO catalysts. 
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Chapter 6 
 
Conclusions and Further Research 
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6.1 Summary of Findings 
 
New methods for controlling the release of toxic elemental mercury vapour from coal-flue gas is 
greatly needed as the  current commercially available technologies based on adsorption  are both  
costly and lead to the generation of large volumes of toxic waste. In this thesis a promising method for 
controlling the release of elemental mercury vapour based on catalytic oxidation of this mercury was 
investigated. This involved detailed studies on the activity of several materials to catalyse this reaction 
under conditions similar to those encountered in coal-flue gas streams. The research presented in this 
thesis provides a comparative study of the use of various synthesised transition metal oxides for the 
catalytic oxidation of elemental mercury. The following conclusions from the results were obtained; 
- Initial screening of the transition metal oxides were successfully performed under the 
following conditions; reactor temperature=150
o
C, [Hg
0
] = 61 ppb, [HCl]= 10 ppm, [O2]= 3%, 
[CO2]= 5%, duration= 16 hours, mass of catalyst= 0.4 g, flow rate= 200 sccm. 
- The following order of activity (based on the amount of oxidised Hg that exited the gas 
stream and was deposited in the traps) under the screening conditions used was as follows  
(note: extent of oxidation in parentheses): NiO (98%) >Mn3O4 (77%)> Mn2O3 (72%)> Ni3O4 
(61%) > α-Fe2O3 (52%) > Ni2O3 (36%) > MnO2 (25%)> Fe3O4 (14%) > CoO (8%)> MnO 
(8%) and Co3O4 (2%).  
- Level of Hg adsorption from catalyst testing showed significant adsorption from catalysts 
with low catalytic activity (below 50%) (NiO (0 µg), Mn3O4 (12 µg), Ni3O4 (25 µg), MnO2 (25 
µg), Mn2O3 (29 µg) and α-Fe2O3 (30 µg)), where lower adsorption was seen for catalysts for 
high catalytic activity (above 50 %) Co3O4 (60 µg), CoO (57 µg), Fe3O4 (53 µg), MnO (50 µg) 
and Ni2O3 (39 µg). 
- Significant amounts of Hg2+ containing species were however desorbed from Fe2O3, CoO, and 
Mn2O3, whilst lower amounts were desorbed from Fe3O4, Co3O4, MnO, MnO2, Mn3O4, NiO, 
Ni2O3 and Ni3O4. 
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- Mn2O3 and Mn3O4 catalysts tested showed potential as mercury oxidation catalysts and were 
tested under a range of conditions. For a stream containing Hg
0
 only no mercury oxidation 
was observed over the temperature range studied (50-300
o
C). When HCl (10 ppm) was 
present in the test stream, notable oxidation was observed using the manganese oxide 
catalysts over the temperature range studied (50–300oC). The extent of oxidation was found to 
increase significantly with increasing temperature when HCl (10 ppm) was present in the 
stream. Studies on the influence of HCl concentration (from 5 to 20 ppm) showed that the 
extent of oxidation also increased significantly with increasing HCl concentration. Studies on 
the influence of O2 (2%) showed that the presence of O2 had little effect on mercury oxidation 
at reaction temperatures of 50 and 100
o
C, where no significant oxidation was observed at 
these temperatures in the presence of O2 (2%). O2 did however have a significant influence on 
oxidation at 150
o
C (78% Hg oxidation), which increased marginally to 80% at 300
o
C. The 
lack of oxidation at lower temperatures when O2 was present was most likely due to either 
insufficient activation energy and/or the formation of HgO (at lower temperature, there is 
insufficient vapour pressure and lower volatility). Tests conducted in streams that contained 
both HCl and O2 gave results similar to those observed in the tests where only HCl was 
present. The influence of NH3 in the gas stream containing HCl (10 ppm) at 150
o
C showed 
that the presence of NH3 decreased the amount of mercury oxidation considerably with very 
minimal oxidation observed. Characterisation studies on the used manganese oxide based 
catalysts showed that significantly more mercury adsorbed to these catalysts during testing 
when O2 was present in the stream (as compared to tests conducted in streams containing 
HCl). Other characterisation studies on the used manganese oxide catalysts showed little 
change in the surface chemistry, particle morphology and surface area of these materials 
occurred during testing.  
- A synthesised NiO catalyst showed potential as a mercury oxidation catalyst and was 
compared to a commercially obtained NiO catalyst, over a range of conditions. For a stream 
containing Hg
0
 only, a very small amount of mercury oxidation (1-2%) was observed across 
50
O
c to 300
o
C for the synthesised NiO. For the Commercial NiO, no significant mercury 
157 
 
oxidation was observed across 50 to 300
o
C. When HCl (10 ppm) was added to the Hg
0
 
stream, no oxidation was observed for the commercial NiO at 50
o
C, however, for the 
synthesized NiO, ~ 55% oxidation was observed. Further increases in temperature, resulted in 
high oxidation efficiencies at 300
o
C with 92% and 63% for the synthesised NiO and the 
commercial NiO respectively. The differences in the activities are most likely attributed to the 
higher surface area of the synthesised NiO and/ or the differences in the number of active 
sites on the material (the reported surface areas for commercial NiO and the synthesised NiO 
were 1.5 m
2
/g and 85 m
2
/g). Studies into the influence of O2 (2%) reported significant 
mercury oxidation was observed at temperatures from 150 to 300
o
C for both NiO catalysts. 
Tests conducted in streams containing both HCl and O2, gave similar results to those observed 
where only HCl (10 ppm) was present. The extent of influence of HCl and O2 showed that 
HCl has a greater influence on the activity of the synthesized catalyst (as compared to the 
difference in influence of O2 seen between the two catalysts). However, the commercial NiO 
reported higher mercury oxidation (8%) at 50
o
C compared to that of the catalyst tested under 
a stream containing HCl, where no mercury oxidation was reported. The difference in this 
oxidation could be due to the requirement of HCl and O2 to form an active species of either O 
or Cl, resulting in more oxidized mercury in the form of HgO or HgCl2. The influence of NH3 
in a gas stream containing HCl significantly hindered the mercury oxidation for both NiO 
catalysts, with very minimal mercury oxidation observed. Increasing the duration of the 
experiments under a gas stream containing HCl and O2/CO2 using both NiO catalysts, the 
catalysts activity remained relatively unchanged at 88 hours. Characterisation studies on the 
used NiO catalysts showed that significantly more mercury adsorbed to these catalysts during 
testing when O2 was present in the stream (as compared to tests conducted in  streams 
containing HCl). Post characterisation studies on the NiO catalysts showed no significant 
change in the surface chemistry and surface area. 
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6.2 Future Work 
 
 The following areas are recommended for future work: 
- Further studies on the influence of NH3: it is recommended that further studies are 
conducted to determine how NH3 hinders catalytic oxidation of Hg using the materials studied 
in this thesis  - is it due predominantly to a gas phase reaction between oxidised Hg and NH3 
or is it due to NH3 compromising the surface of the catalyst? If it is due to the latter further 
catalyst development is required. 
- Longer term catalyst stability studies: Evaluating the ability for the catalysts to remain 
active over long periods of time in order to be used for commercial applications. 
- Studies on the potential mechanisms responsible for the catalytic oxidation: Studies 
would include determining the specific speciation of the oxidised mercury produced (HgCl2 
or HgO). Other aspects of mechanism studies that can be applied include investigating the 
species of mercury present on the surface of the catalyst. Methods of removing the mercury 
from the surface can be applied in order to determine the species of mercury. These can 
include finding alternative conditions to remove the surface-bound mercury (i.e. higher 
temperature under a neutral stream and increasing the duration of the N2 flushing process).  
Research on the influence of other gases generally found in coal fired flue gases such as water 
vapour, NOx and SOx: Investigate the effects that each of these common flue gases has on the 
catalytic activity at low temperature, using the mercury capturing and catalyst evaluation methods as 
described in chapter 2. 
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Appendix A 
 
Appendix A1: Calibration of Reactant Gas, Hg
0 
 
Dynalibrator held the permeation tube at 40
o
C in order to maintain a constant amount of Hg vapour 
evolution into the N2 carrier gas. Under a flow rate of 200 sccm, the calibrated mercury recorded was 61 ± 
5 µg (321 ± 28 µg /m
3
) over a period of 16 hours. The reactor was rinsed with 2% aqua regia to 
determining if any residual mercury was present in the quartz reactor after the experiment. Results 
indicated that an inconsequential amount of mercury adsorption occurs in the experimental setup. To 
reduce the amount of experimental error by fluctuation of the gas mixing and any uncertainties in the 
catalyst testing rig system, numerous calibrations of the Hg were regularly conducted throughout the 
projects experimental phase. Additionally, the target Hg
0
 vapour concentration was chosen to allow for 
optimal detection of mercury during the analysis procedure (KCl and KMnO4 traps) so as to help reduce 
experimental error during the ICP-MS analysis process. 
Mercury calibrations were performed during the method validation and catalyst testing process. A total of 
20 Hg
0
 calibrations were performed under various gas compositions, where the results are reported in 
Tables A1.1 and A1.2.  
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Table A1.1 Mercury Calibrations under Various Gas Compositions 
Conditions #of Calibrations Average Hg
0
 
(µg/m
3
) 
Average % Hg
2+
 
Hg
0
 only 20 318.73 ± 26.17 0.89 ± 0.66 
Hg/HCl 12 312.15 ± 18.23 1.03 ± 0.08 
Hg/O2/CO2 8 322.62 ± 21.59 0.74 ± 0.10 
Hg/HCl/O2/CO2 10 314.86 ± 25.98 0.91 ± 0.34 
Duration; 16 hours, Total Flow rate: 200 sccm, Temperature: 150
o
C, Residence Time: 0.000101 secs 
 
 
Table A1.2 Mercury Calibration Data  
 Trap 
1 
Trap 
2 
Trap 
4 
Trap 
5 
Trap 
6 
Trap 
7 
Oxidized, 
Hg
2+ 
Elemental, 
Hg
0 
Total 
(µg) 
Total 
(µg/m
3
) 
% 
Hg 
(ox) 
            
Min 0.01 0.01 38.16 2.50 0.02 0.00 0.05 53.56 54.53 284.01 0.09 
Max 1.53 0.43 59.85 19.18 6.69 1.60 1.55 70.02 70.41 366.71 2.38 
Mean 0.43 0.11 49.25 8.77 2.12 0.52 0.54 60.66 61.20 318.73 0.89 
Std Dev 0.37 0.10 5.62 3.83 1.70 0.57 0.39 5.08 5.03 26.17 0.66 
Generator Temperature= 40
o
C, T= 16 hours, Reactor Temp= 150
o
C 
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Appendix A2: Calibration of Reactant Gas, HCl
 
 
Calibration of HCl was used to determine the concentration at various HCl generator temperatures at 
duration of 2 hours. HCl vapour was run through a series of three glass impingers consisting of 50 ml 
Milli- Q water, then titrated with NaOH, where various concentrations of NaOH were used with different 
temperatures of the HCl generator used; This calibration process was performed every two weeks as to 
ensure there is adequate volume of HCl in the vials for each experiment.  A temperature profile of HCl 
was produced, with the following results shown in Figure A2.1, where the HCl concentration is reported 
in the gas phase. From literature research, it was determined that the standard concentration of HCl 
(unless otherwise stated) would be 10 ppm (at 42
o
C) on the graph. The approximate volume of HCl in the 
vial was 3 ml. 
 
Figure A2.1 Temperature profile of HCl generator 
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Appendix B 
Appendix B1: Characterisation of Manganese Oxides Post Testing 
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Table B.2. BET analysis of fresh and used manganese oxides 
 
 
Catalyst 
BET 
Surface 
Area 
(m
2
/g) 
 
Gas 
Composition 
BET Surface Area (m
2
/g) 
Fresh 50
 o
C 100
 o
C 150
o
C 200
o
C 250
o
C 300
o
C 
 
Mn2O3 
80 Hg only 78 78 80 78 76 80 
80 Hg/HCl 80 81 79 82 80 79 
80 Hg/O2/CO2 80 81 80 80 78 77 
80 Hg/HCl/O2/CO2 76 80 78 80 79 76 
 
Mn3O4 
82 Hg only 81 81 82 79 79 80 
82 Hg/HCl 80 82 82 82 83 80 
82 Hg/O2/CO2 80 82 79 80 80 79 
82 Hg/HCl/O2/CO2 82 82 80 79 80 77 
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Appendix C 
Appendix C1: Characterisation of Nickel Oxides Post Testing 
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Table A.2. BET analysis of fresh and used manganese oxides 
Catalyst BET 
Surface 
Area 
(m
2
/g) 
 
Gas 
Composition 
BET Surface Area (m
2
/g) 
Fresh 50
 o
C 100
 o
C 150
o
C 200
o
C 250
o
C 300
o
C 
 
Synthesised 
NiO 
85 Hg only 78 79 80 81 81 81 
85 Hg/HCl 84 80 81 81 85 83 
85 Hg/O2/CO2 83 83 81 82 81 81 
85 Hg/HCl/O2/CO2 84 84 83 83 82 83 
 
Commercial 
NiO 
1.5 Hg only 1.4 1.5 1.2 1.2 1.2 1.3 
1.5 Hg/HCl 1.2 1.2 1.3 1.4 1.4 1.3 
1.5 Hg/O2/CO2 1.4 1.4 1.2 1.2 1.3 1.4 
1.5 Hg/HCl/O2/CO2 1.4 1.5 1.3 1.3 1.3 1.3 
 
 
 
